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Abstract 
Helicoverpa armigera (Hübner) is an economically important pest species, affecting many crops 
worldwide.  It has a history of quickly developing resistance to numerous chemical sprays.  A closely 
related native Australian species, H. punctigera Wallengren, is also proving to be a pest of economic 
interest in agriculture.  The implementation of genetically modified insecticidal cotton resulted in a 
massive reduction in chemical control as transgenic crops expressing Bt toxins are more effective at 
controlling insect pests than chemical sprays.  Bt cotton also provided a challenge to resistance 
management - how to best prevent Helicoverpa spp. acquiring resistance to Bt, when most of the 
cotton planted contains Bt toxins which are selecting for resistance.  The Australian cotton industry 
deploys mandatory refuges on farms that grow Bt cotton to generate susceptible moths that can 
interbreed with any resistant partners to dilute resistance.  However, while significant work has been 
undertaken to determine their efficacy, it is not understood whether modifying specific aspects of 
refuges might impact on the evolutionary processes which result in resistance. 
This thesis investigates refuge management strategies to maximise production of Bt-susceptible 
Helicoverpa spp. moths.  As part of this, experiments were undertaken to determine if refuges could 
be made more attractive (for oviposition) and productive (in terms of the number of larvae surviving 
to adulthood). As part of this, the invertebrate communities of pigeon pea and cotton refuges were 
compared and manipulated. 
Over three Australian summers (2010/11 to 2012/13), field experiments aimed to determine if there 
was a maximum carrying capacity of H. armigera in refuges and whether this upper density varied 
between two common refuge types – non-Bt cotton and pigeon pea.  Varying densities of H. armigera 
were added to plants and their survival observed.  Measurements of plant characteristics, wild 
Helicoverpa spp. moth oviposition rates and invertebrate communities were also taken.  An 
insecticide treatment to which H. armigera was resistant was incorporated in the final two seasons to 
determine if densities of H. armigera might be increased by removing predators and interspecific 
competitors from the system. 
Higher survival rates of H. armigera were observed in pigeon pea than in non-Bt cotton refuges.  This 
was consistent across all densities and insecticidal spray treatments.  Artificial introduction of H. 
armigera at increasing densities was not able to achieve a carrying capacity.  Even at the highest 
density of H. armigera larvae (50 second instar larvae per square metre), populations of larvae were 
not limited in either crop.  While implementation of insecticidal sprays had a small effect on the 
invertebrate communities present in both pigeon pea and non-Bt cotton, there was no observable 
difference in the survival rates of H. armigera under insecticide or treatments that did not receive a 
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spray.  Application of insecticide to refuges also had no effect on oviposition rates of Helicoverpa 
spp. in either non-Bt cotton or pigeon pea, though oviposition rates were always higher in pigeon pea. 
Further preference and performance assessments were undertaken in two glasshouse experiments.  
Non-Bt cotton and pigeon pea plants were grown under varying water and fertiliser rates.  Oviposition 
and survival rates of H. armigera were observed and compared with the characteristics of the plants 
on which they were tested.  The second of the two experiments took measurements of foliar nitrogen 
levels. 
Survival of H. armigera larvae was higher on pigeon pea plants than cotton plants.  Both water and 
fertiliser significantly impacted survival rates of H. armigera larvae on non-Bt cotton and pigeon pea 
plants.  Specifically, increasing the amount of water available to plants increased the number of larvae 
that survived.  Increasing fertiliser rates also increased survival, though no additional benefits were 
achieved by adding fertiliser in excess of typical commercial rates that are presumed to be optimal. 
Production of pupae was mostly affected by host plant species, but also watering rate, with more 
pupae produced from pigeon pea plants, and those grown with access to the most water.  Fertiliser 
rates had no effect on the total number of pupae produced.  The average weight of pupae increased 
with watering rates of their host plants.  Host plant species and fertiliser rate had no effect on pupal 
weight. 
An oviposition preference was observed for plants that were grown with higher volumes of water.  
This was observed across both plant types and fertiliser treatments.  Increasing the amount of fertiliser 
available to non-Bt cotton and pigeon pea plants had no effect on oviposition preference. 
The final experiment conducted as part of this thesis looked at development rates and fitness of H. 
armigera reared on different parts of non-Bt cotton and pigeon pea plants.  Neonate, second and 
fourth instar larvae were presented with leaves, flowers or fruit from non-Bt cotton or pigeon pea 
plants and their development observed against a control of meridic diet.  Pupal weights were taken as 
a measure of fitness. 
Survival in each of the larval groups was affected differently by their food source.  Besides the 
control, only cotton leaves were able to sustain neonates to the adult life stage.  For larvae 
commencing the experiment at their second or fourth instar, a diet of cotton flowers was not enough 
for larvae to survive to adults.  The best food source for second instar larval survival was pigeon pea 
flowers or pigeon pea fruit, and for fourth instar larvae it was cotton leaves.  The weight of pupae was 
affected by larval diet.  A diet of pigeon pea leaves resulted in the lowest pupal weights, while 
consuming pigeon pea fruit resulted in the highest weights, only surpassed by the control. 
Abstract 
- 3 - 
 
These experiments each have their own conclusions and together form the basis of a better approach 
to refuge management.  The results suggest that a well-managed pigeon pea refuge far exceeds the 
capability of a well-managed non-Bt cotton refuge to produce Helicoverpa spp. moths.  The 
importance of watering refuges cannot be understated – water stressed plants are poor hosts for H. 
armigera larvae.  In practical terms, while this information suggests that a good pigeon pea refuge is 
more likely to delay Bt resistance than a non-Bt cotton refuge, there is no immediate economic return 
to the grower.  In contrast, a non-Bt cotton refuge may yield saleable product, albeit at a reduced rate 
to a Bt crop.  The work from this study demonstrates that a good non-Bt cotton refuge is better than a 
poor pigeon pea refuge.  
The results from this thesis also indicate that spraying refuges with insecticide should not be 
implemented into refuge management.  Applying insecticide to refuges did not increase Helicoverpa 
spp. populations and only served to reduce invertebrate populations.  Eliminating beneficial 
invertebrates from refuges does not aid resistance management and has the potential to hinder the 
action of beneficials across the Bt cotton landscape. 
Further research in several areas could improve refuge management in the future.  Studies of 
predator/prey dynamics would improve understanding of Helicoverpa spp. mortality in Bt cotton 
systems.  Additionally, investigating ways to improve refuge quality through better management 
strategies including crop variety selection, would assist the continued effectiveness of Bt cotton 
refuges in delaying resistance. 
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Chapter 1: Background and introduction to thesis 
1.1. Background 
Helicoverpa armigera (Hübner) is an economically important pest species, affecting many crops 
worldwide.  It has a history of quickly developing resistance to numerous chemical controls. A closely 
related native Australian species, H. punctigera Wallengren, causes similar damage and is also of 
interest, developing resistance to Bt. 
The introduction of transgenic Bt cotton allowed a greater than 80% reduction in insecticide use 
across the Australian cotton industry.  Decreased use of chemical sprays enhanced integrated pest 
management and set new standards in insect control which supported the best management practice 
approach to cotton production. However, Helicoverpa spp. has the potential to develop resistance to 
the Bt toxins expressed by transgenic cotton thereby disrupting these benefits.  To delay the 
development of resistance, refuge crops are grown which produce Bt-susceptible moths.  The theory 
behind deploying this strategy is that as resistance is recessive, the susceptible moths mate with any 
resistant moths that emerge from Bt cotton crops, thus diluting the frequency of resistance in 
Helicoverpa spp. populations. 
Several factors may contribute to the production of moths from refuges.  These include the way the 
refuges are managed in terms of agronomy, the abundance and diversity of Helicoverpa spp. predators 
(potentially impacted by insecticide sprays), and the incidence of diseases that attack Helicoverpa spp. 
before they can emerge as moths.  In the lead up to this project, better management of refuges to 
ensure high production of Helicoverpa spp. moths was prioritised at an industry workshop as a 
potential mitigation for increasing Bt resistance. 
The benefit of growing good quality refuges may be underestimated by growers and consequently 
refuges may not be a priority and therefore be poorly managed.  Information on the merits and 
practicality of improving refuge management, particularly the potential implications for improved 
integrated pest management through delayed resistance and increasing beneficial insect populations, 
is scarce.  If this information were available it could be incorporated into the cotton industry’s BMP 
framework to ensure continued effectiveness of Bt cotton. 
1.2. Introduction to thesis 
This thesis is an investigation of management strategies to maximise production of Bt-susceptible 
Helicoverpa spp. moths from Bt cotton refuges, and explores concepts including interactions between 
and within trophic levels, density dependence and insect behaviour.  Previous research in these areas, 
as well as literature relating to Helicoverpa spp., in particular, H. armigera biology, mortality factors, 
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and resistance status, host plant interactions, transgenic Bt cotton, insecticide resistance management 
strategies and Bt cotton refuges is reviewed in Chapter 2. 
The series of experiments conducted as part of this PhD project are contained within four 
experimental Chapters.  Chapters 3 and 4 centre on a set of field experiments conducted over three 
Australian summers from 2010/11 to 2012/13.  Chapter 3 investigates the effect of H. armigera larval 
density on oviposition preference and survival of Helicoverpa spp. in refuges of non-Bt cotton and 
pigeon pea.  As Helicoverpa spp. densities increase, presumably predation, parasitism and disease 
rates will increase.  The experiments sought to identify if there is a density tipping point above which 
the effect of these natural controls is accelerated, and determine if that maximum carrying capacity 
varies between pigeon pea and cotton.  An insecticide treatment to which H. armigera was resistant 
was incorporated in the final two seasons to determine if densities of H. armigera might be increased 
by removing predators and interspecific competitors from the system.  The effects of crop type, larval 
density and insecticide application on invertebrate communities of refuges are investigated in Chapter 
4. 
The implications of irrigation and fertiliser application on non-Bt cotton and pigeon pea plants, and 
subsequent effects on H. armigera development and survival, is investigated in Chapter 5.  
Oviposition preference and larval performance assessments were undertaken in two separate 
glasshouse experiments conducted in 2011 and 2012.  Non-Bt cotton and pigeon pea plants were 
grown under varying water and fertiliser rates, and oviposition and survival rates of H. armigera were 
observed and analysed alongside the characteristics of the plants on which they were tested. 
Chapter 6 looks at development rates and fitness of H. armigera reared on different parts of non-Bt 
cotton and pigeon pea plants.  The effect of a diet of leaves, flowers or fruit on the development time, 
pupal weight and survival rates of neonate, second and fourth instar is investigated.  The experiment 
seeks to determine the relative importance of different food sources on the fitness of H. armigera. 
Finally, the results and findings of this thesis, and their significance are discussed in Chapter 7. 
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Chapter 2: Literature review 
2.1. Introduction 
Helicoverpa armigera (Hübner) is an economically important pest species, affecting many crops 
worldwide, and has a history of quickly developing resistance to insecticide sprays (Fitt, 1989; 
Perovic et al., 2008; Zalucki et al., 1986).  A closely related native Australian species, H. punctigera 
Wallengren, exerts similar crop damage to H. armigera but does not have a history of developing 
resistance to insecticide sprays (Forrester et al., 1993) but does carry resistance genes for Bt toxins 
(Downes et al., 2010).  The introduction of transgenic Bt cotton in the mid-1990s coincided with a 
massive reduction in insecticide sprays targeting Helicoverpa spp. because of the low survival rate of 
Helicoverpa spp. on Bt cotton plants expressing Bt toxins are more effective at controlling insect 
pests than Bt sprays (Roush, 1994).  Bt cotton also provided a challenge to resistance management - 
how to best prevent Helicoverpa spp. acquiring resistance to a crop which continually expresses Bt 
toxin.  The Australian cotton industry developed, as a key strategy to manage resistance to Bt cotton, 
the mandatory planting of refuge crops that generate susceptible partners for potentially resistant 
insects surviving on transgenic crops.  While significant work has been undertaken in the area, there 
remain some long standing problems with the efficacy of refuges and in particular, on whether 
modifying specific aspects of refuges has a different impact on the evolutionary processes which drive 
resistance. 
This review will cover the biology of H. armigera and H. punctigera, including oviposition 
behaviour, key natural enemies, the history of resistance, and outline key resistance management 
tactics adopted in Australia for this pest complex.  With respect to the management tactics, the focus 
will be on literature that aims to understand how refuges produce high, consistent numbers of moths.  
Specifically, the main aim of this review is to compare what is known about H. armigera and H. 
punctigera and how this information relates to maintaining high levels of Helicoverpa spp. in refuges. 
2.2. Biology of Helicoverpa spp. 
In Australia there are two key insect pests of cotton (Gossypium hirsutum) within the genus 
Helicoverpa (Lepidoptera: Noctuidae), H. armigera, the cotton bollworm, and H. punctigera, the 
budworm.  Both H. armigera and H. punctigera are major pests of several field crops grown in 
Australia including cotton, soybean (Glycine max), sorghum (Sorghum bicolor), chickpea (Cicer 
arietinum) and maize (Zea mays) (Fitt, 1989; 1994).  The geographic distribution of H. armigera 
extends across Africa, central and south-eastern Asia, Australia, Europe, India and New Zealand, 
whereas H. punctigera has a distribution confined to Australia (Common, 1953; Zalucki et al., 1986). 
Within Australia H. punctigera is thought to be highly migratory with populations moving from 
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central to eastern Australia in spring; H. armigera is relatively less migratory but nevertheless is 
mobile enough to ensure significant mixing of populations throughout eastern Australia (Farrow and 
Daly, 1987; Gregg et al., 2001; Gregg et al., 1995).  At 27°C both species take approximately two to 
three days to hatch as eggs, undergo up to six moults as larvae (typically five) over a period of around 
two weeks, enter a pupal phase that lasts up to two weeks, and exist as adult moths for up to two 
weeks (Liu et al., 2004). 
Certain aspects of the behaviour of H. armigera have implications for their management in refuges.  
First instar larvae generally forage in the upper parts of mature cotton plants, but have different 
foraging behaviour on different host species (Johnson and Zalucki, 2005).  They generally move 
towards light, upwards and can navigate using plant volatiles to get to flowers and fruit (Perkins et al., 
2008; Perkins et al., 2009).  The decisions involved in movement appear to be directed towards 
getting to parts of the plant that have better nutritional quality (Perkins et al., 2010).  Third instar 
larvae are similar in some ways to first instar larvae, though are more likely to move from the upper 
canopy and feed in exposed areas, spend less time wandering, and more time eating (Johnson and 
Zalucki, 2007).  The reason for high mortality of H. armigera at the neonate and first instar stages is 
not clear (Zalucki et al., 2002), though dispersal and simply falling off the plant onto a more hostile 
environment (i.e., soil) could account for some mortality (Perovic et al., 2008).  The host plants on 
which H. armigera larvae are reared can impact several aspects of their biology including larval and 
pupal duration, larval weight, oviposition behaviour, egg production and adult longevity (Doss, 1979). 
2.2.1. Oviposition behaviour 
Oviposition preferences in H. armigera have been identified as having a genetic basis and are 
heritable between generations (Jallow et al., 2004; Jallow and Zalucki, 1995; Jallow and Zalucki, 
1996).  It is proposed that the genetic links relate to differences in the antennal receptor array which 
are the underlying mechanism driving behavioural differences in oviposition behaviour (Cribb et al., 
2007).  Female H. armigera are known to orientate in response to odours (Cunningham et al., 1998a; 
Jallow et al., 1999) and individuals with removed antennae do not exhibit oviposition behaviour 
amongst different odour cues (Jallow et al., 1999).  Post-alighting oviposition behaviour is likely 
controlled by odour cues on plant surfaces and should be considered in investigating preference tests 
(Cribb et al., 2007). 
Oviposition behaviour in H. armigera is also affected by learned behaviour as moths.  H. armigera 
are more likely to oviposit on a host to which they have previously been exposed as adults 
(Cunningham et al., 1998a; Cunningham et al., 1999; Firempong and Zalucki, 1991).  Nectar foraging 
on a certain host as an adult also results in increased foraging on that plant in the future with an 
increased likelihood of selecting that host species for oviposition (Cunningham et al., 1998b). 
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However, mated H. armigera females are less likely to discriminate between host plants for 
oviposition when their egg load is high, regardless of the plant’s quality as host (Jallow and Zalucki, 
1998). 
Previous research has investigated host preferences of Helicoverpa spp. (Firempong and Zalucki, 
1990a; Jallow et al., 2001; Jallow and Zalucki, 1995; Jallow and Zalucki, 1996), with the main finding 
being a preference for flowering stages of plants (Jallow et al., 2004; Parsons, 1940).  While adult 
moths prefer flowering plants for oviposition, these may not be ideal hosts for larvae which feed on 
other parts of the plant.  H. armigera do not have an oviposition preference for plants which will be 
better hosts for their offspring (Jallow and Zalucki, 2003; Jallow et al., 2001).  However, larvae 
generated from moths feeding on, and subsequently ovipositing near, flowers, are 10 times more 
fecund than those from moths that did not feed on or oviposit near a flower (Liu et al., 2010).  
Additionally, oviposition host choice may not be entirely based on an adult foraging host, or what will 
be the best food for offspring.  Although feeding on foliage with higher water and nitrogen content 
can result in fitter larvae for the noctuid Lophocerarnica pyrrha (Druce), adults will preferentially 
oviposit on a less nutritious host because it offers better shelter for developing larvae (Castillo-Lopez 
et al., 2010). 
Apart from flowering, other plant characteristics can impact upon oviposition.  Rates of H. armigera 
oviposition vary among cotton species and varieties and are generally higher on varieties with hairier 
leaves (Butter and Singh, 1996).  Parasitism rates are also higher in hairier varieties (Dandale et al., 
2002), though it is more likely that the parasitoid is attracted to a denser aggregation of eggs and not 
to a hairy plant.  H. armigera and H. punctigera both prefer the hairier leaves of okra type plants 
(Hassan et al., 1990), and Heliothis zea (Boddie) and Heliothis virescens (Fabricius) also oviposit on 
the more pubescent surfaces of soybean leaves in preference to cotton leaves (Hillhouse and Pitre, 
1976).  Leaves with longer trichomes correlate with higher levels of oviposition (Butter and Singh, 
1996) and plant selection is positively influenced by plant height and use of soil fertiliser (Firempong 
and Zalucki, 1990b). 
Host plant species has a strong impact upon H. armigera oviposition preference.  By sampling a range 
of H. armigera populations and testing host oviposition preferences, Firempong & Zalucki (1990a) 
determined that H. armigera has a low preference for cotton, despite it being a major pest of the crop, 
preferring instead the taller plants and more prolific flowering of tobacco and sunflower. 
Across a population of H. armigera, oviposition preferences for maize, sorghum, tobacco and then 
cotton are observed, although there is variation within the species for oviposition preference, with 
individuals consistently choosing their own host order (Jallow and Zalucki, 1995).  This should be 
taken into account when making decisions for refuges – although the population mean will choose a 
certain host, there are individual preferences within the species that may be different, with 
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consequences for resistance management if decisions are based on the preferences of the average 
moth. 
From observations in Australia and India, it is likely that pigeon pea (Cajanus cajan) is a primary host 
for H. armigera.  In addition to a strong oviposition preference, larvae developing on pigeon pea are 
fitter than those developing on other host plants (Rajapakse and Walter, 2007).  Common sowthistle 
(Sonchus oleraceus) has also been proposed as a primary host for H. armigera resulting from an 
oviposition preference and fitter larvae when compared with maize, sorghum and cotton (Gu and 
Walter, 1999). 
H. armigera oviposition preference for a plant increases with presence of flowers, and increased 
height of plants (Firempong and Zalucki, 1990b).  Consequently, the composition of a landscape may 
have implications for resistance management.  The attractiveness of a host for H. armigera 
oviposition may be related to the abundance of that host in the landscape (Cunningham et al., 1999).  
Thus even though cotton is a less preferred host for oviposition it might prove more attractive to 
moths in cropping areas where it is the most abundant host plant.   
Oviposition by H. armigera can be affected by factors other than just the host plant.  The application 
of chemicals can cause an increase in oviposition rates on certain hosts.  Use of the moth attractant 
Magnet® (Ag Biotech Australia Pty Ltd) on conventional cotton refuges increases oviposition though 
it has no effect on oviposition when used on pigeon pea (Addison, 2010).  The use of sub-lethal rates 
of insecticides such as cypermethrin and endosulfan on cotton leaves results in increased oviposition 
rates compared with untreated cotton leaves (Hari and Mahal, 2008).  The presence of larvae and 
larval frass and damage to the plant, however result in reduced oviposition rates (Firempong and 
Zalucki, 1991).  Other research has sought to identify if varying agronomic practices have any effect 
on the level of oviposition by H. armigera.  Cotton sown in wheat stubble has no significant 
difference in degree of oviposition to normal cotton, though moths did lay on the upper surface of the 
leaf more in cotton sown in wheat stubble (Cleary et al., 2006). 
2.2.2. Larval development 
Ideally, a refuge crop should be attractive for oviposition while also being a suitable larval host.  That 
is, mortality in a refuge crop should be low, pupae large and adults fecund and long lived.  The 
complex relationship of host species, plant condition, invertebrate interactions, weather, irrigation and 
nitrogen application all factor into the performance of an insect upon its host. 
Much work has been done on the effect of host plant on the preference and performance of H. 
armigera and larvae of related species.  Doss (1979) investigated the effects of cotton, soybean, 
tomato and corn on H. armigera, and determined that there was high variation in the biology of H. 
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armigera depending on its larval host.  Larval development time varied from almost 24 days on 
tomato to just 15 days on soybean.  Cotton and soybean are associated with the shortest pupal times 
and pupal weight is highest on soybean.  Moths reared on soybean and cotton had the highest egg 
production and lived longer than moths reared on other hosts.  Jallow et al. (2001) determined that 
host plant also had a significant effect on the survival of H. armigera, with low survival, smaller 
pupae and less fecund adults on maize and okra, compared to tomato, eggplant, pepper and an 
artificial diet.  However, when H. armigera larvae are given a choice of host plant, feeding preference 
does not correlate with larval performance (Jallow and Zalucki, 2003).  Thus it would seem that the 
larval and adult stages do not choose the most ideal host for larval development. 
Survival is also affected by plant age, with more first instar H. armigera larvae surviving on squaring 
cotton than on seedling plants (Kyi et al., 1991).  This may be due to the different composition of 
plant volatiles and foliar nitrogen at different plant ages, the size and complexity of plant structure, or 
a combination of the two.  Larger plants may provide more shelter for larvae, which move to 
protected areas in daylight, but move around the plant canopy more freely in the dark (Cribb et al., 
2010). 
Foraging behaviour of first instar H. armigera larvae differs according to the plant host, with first 
instar larvae more likely to feed in the upper parts of the plant canopy on pigeon pea (Cajanus cajan) 
than on mungbean (Vigna radiata) (Johnson and Zalucki, 2005).  Behaviour of H. armigera differs 
according to host plant species in response to the challenges of varying plant architecture.  One 
specific factor which can impact upon larval movement speed and preference is leaf type.  Larvae 
prefer abaxial surfaces of leaves in light, but have no preference in the dark.  Additionally, larval 
movement is faster with lower densities of trichomes and no wax crystals present on leaves (Cribb et 
al., 2010).  However, preferences and behaviour may differ according to larval instar.  Although third 
instar H. armigera followed similar movement patterns to first instar larvae; by moving to the upper 
canopy of plants, the later instar larvae tended to feed for longer at fewer sites (Johnson and Zalucki, 
2007).  
Plant secondary metabolites such as flavonoids are toxic to Helicoverpa spp. and can affect larval 
development.  Increasing the concentration of flavonoids in the diet of H. armigera has resulted in 
significant deleterious effects to larval growth and development, as well as reducing the activity of 
enzymes in larvae (War et al., 2013).  Methyl jasmonate induced defenses have been demonstrated to 
have similar effects on the growth and development of H. armigera larvae as well as compromising 
the capacity for larvae to detoxify plant secondary metabolites (Yang et al., 2013). 
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2.3. Mortality in Helicoverpa spp. 
Mortality of H. armigera is very high during the egg and initial larval instar stages.  Survival on 
cotton at the egg stage is low, with egg parasitoids and weather events accounting for 23-44% loss in 
numbers (Kumar et al., 2009).  Mortality of H. armigera at the first instar stage has been recorded at 
up to 93-100% on cotton, with highest mortality (attributed to factors including wind, rain and aerial 
predators) occurring during the first day of egg and first instar stages (Kyi et al., 1991).  High 
mortality at the egg and early larval stages is often attributed to predation, parasitism and pathogens, 
however, there is little evidence for this assertion (Titmarsh, 1992) and it likely is due to some other 
factor, possibly plant characters (Zalucki et al., 2002). 
It is not only predation from other species that limits H. armigera production at the larval stage - 
intraspecific competition also contributes to mortality.  At high densities H. armigera larvae may be 
able to increase their subsequent pupal weight if they engage in cannibalism, particularly if on a poor 
host.  Cannibalism decreases larval fitness on good host plants, but may serve to reduce competition 
(Kakimoto et al., 2003).  Additionally, reduction in biomass from feeding damage by a pest can 
reduce the survival of pests later in the season by exploitative competition (Branson, 2010), though 
this has not been tested for H. armigera. 
2.3.1. Predators, parasitoids and pathogens 
In cotton crops, the establishment and preservation of natural enemies is encouraged through the use 
of selective insecticides (Fitt, 2000), rather than broad spectrum insecticides which can result in lower 
abundance of beneficial insects (Mansfield et al., 2006).  Invertebrate populations are generally higher 
in Bt cotton than in non-Bt crops primarily as a result of reduced broad spectrum insecticide use 
(Marvier et al., 2007; Naranjo, 2005a).  However, no difference in natural enemy function is apparent 
between Bt and non-Bt cotton (Naranjo, 2005b). 
Natural enemies can be encouraged into monoculture crops by interplanting other host plants to 
encourage diversity.  For example, the implementation of lucerne strips in cotton significantly 
increases the density of predators in the crop (Mensah, 1999).  The total amount of uncultivated land 
in an area is also a factor in the abundance of generalist predators in cotton (Prasifka et al., 2004). 
The density of predators generally does not correlate with density of H. armigera eggs or larvae, 
however, predatory ant numbers have been associated with H. armigera larvae on sunflower (van den 
Berg and Cock, 1995).  Ants have been observed feeding on H. armigera eggs in cotton crops, 
however, their effect of reducing H. armigera populations was limited by disruption of ant nests in the 
soil by cultivation and irrigation (Mansfield et al., 2003). 
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At higher densities, H. armigera are an enemy unto themselves. Under such conditions, egg and larval 
cannibalism account for significant control of H. armigera populations (Kakimoto et al., 2003; 
Sigsgaard et al., 2002).  In a study of functional responses, the most effective egg predators of H. 
armigera consumed 45 to 119 out of 150 eggs over 24 hours, displaying a type 2 functional response 
(adult Collops quadrimaculatus (Fabricius), Geocoris punctipes (Say), Hippodamia convergens 
Guérin-Méneville, and larval Hippodamia convergens, Chrysopa oculata Say), the less effective 
predators consumed 24 eggs at most, displaying a type 1 functional response (adult Notoxus spp., 
Nabis capsiformis Germar, and Orius insidiosus (Say)).  Egg predation efficiency of all these 
predators increased with temperature (Parajulee et al., 2006). 
Parasitoids are a substantial cause of mortality in refuges, accounting for 30 and 44% of mortality in 
unsprayed cotton and pigeon pea respectively, the most common pupal parasitoid being Heteropelma 
scaposum (Morley) (Baker et al., 2008).  The presence of flowers increases the performance of 
parasitoids, but also increases larval performance of H. armigera (Araj et al., 2008; Liu et al., 2010). 
The egg parasitoid Trichogramma pretiosum Riley is effective at supressing populations of 
Helicoverpa spp. in Bt cotton in Australia, particularly in the Ord River Irrigation Area (Davies et al., 
2011a).  Their effectiveness, however, may be constrained by environmental factors, especially 
applications of insecticide (Davies et al., 2011a; Davies et al., 2009).  Trichogramma spp. egg 
parasitoids show a preference for H. armigera eggs (Davies et al., 2009), though host egg density is 
not a consistent indicator of parasitoid spatial dynamics (Davies et al., 2011b). 
Helicoverpa nucleopolyhedrovirus (HNPV) is an Alphabaculovirus pathogenic to H. armigera.  The 
virus was first isolated from naturally infected H. armigera in China in the late 1970s, and was 
propagated in H. armigera larvae (Tang et al., 2012).  It is used as a biopesticide in agricultural crops 
including chickpea and cotton. 
High doses of HNPV kill H. armigera larvae significantly faster than low doses (Georgievska et al., 
2010a).  Larvae infected with laboratory-mixed HNPV strains have lower mortality on plants than 
those infected with wild type virus, reducing the capacity of the virus to spread (Georgievska et al., 
2010b).  Transmission rates of HNPV increase with increasing density of H. armigera, but decrease 
with faster kill times between strains (Georgievska et al., 2010c).  The leaf surface of chickpea plants 
can cause inactivation of HNPV, reducing the efficacy of the virus against H. armigera (Stevenson et 
al., 2010). 
It is possible for H. armigera larvae to be both parasitised and infected with HNPV.  Provided the 
parasitoid has sufficient lead time, it can develop and emerge prior to the larva succumbing to the 
virus.  However, a parasitised host is less likely to be killed by HNPV the longer the delay is before it 
is infected after parasitism (Murray et al., 1995).  Parasitoids are also more likely to attack infected 
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larvae as they cannot defend against attack as well as healthy larvae.  Subsequent attacks have the 
possibility of transmitting virus from the infected larva to the next larva attacked (Lopez et al., 2002). 
Honey bees (Apis mellifera Linnaeus) can be used to distribute HNPV to cotton flowers (Lawrence 
and Dillon, 2004a).  The technique successfully transfers the virus to Helicoverpa spp. larvae but does 
not persist on the flower (Lawrence and Dillon, 2004b).  As bees can be used to increase yields in 
cotton (Rhodes, 2002), spreading HNPV is a potential added bonus to using bees in growing cotton. 
2.4. Host plant interactions 
Helicoverpa spp. are reliant on their natal hosts for food and shelter from predation.  The way these 
host plants are managed has implications for the performance of the herbivores which feed on them. 
2.4.1. Water and nitrogen effects 
There are few studies into the effect that varied applications of water and nitrogen have on the 
preference and performance of H. armigera, though work has been undertaken more extensively on 
other insect species.  A more thorough understanding of these effects will allow for better 
management of cotton refuges. 
The sugarcane borer moth Eldana saccharina Walker shows no oviposition preference for sugarcane 
based on water stress or the amount of nitrogen with which it is fertilised.  However, larval weight 
and survival significantly increases, and development time decreases, on fertilised plants grown under 
water stress conditions (Atkinson and Nuss, 1989).  Higher densities of the insect were correlated with 
total nitrogen content in stalks, the plant part targeted by the pest.  This allowed the insect to thrive on 
commercially grown sugarcane which receives nitrogen in abundance (Atkinson and Nuss, 1989). 
Similar results have been observed in other species.  For the gypsy moth (Lymantria dispar 
(Linnaeus)), larval mortality increases and development rate decreases when water and nitrogen 
content of a host are low (Hough and Pimentel, 1978).  Also, watering treatment has a significant 
effect on larval size of the processionary caterpillar, Ochrogaster lunifer Herrich-Schaffer, with larger 
larvae developing more quickly on plants grown under a high water treatment.  Plants grown in high 
water conditions were more vigorous and had similar foliar nitrogen levels between non-fertilised and 
fertilised treatments, but adding nitrogen to low water plants allowed them to grow more vigorously 
(Floater, 1997).   
However, other studies counter the idea that nitrogen increases survival, and indicate that it may have 
other effects.  Survival of two species of leaf-miner Acrocercops albinatella (Chambers) and Brachys 
tesselatus (Fabricius) on turkey oak (Quercus laevis) is unaffected by higher nitrogen content of the 
leaves, though development is more rapid, and mines smaller (more efficient feeding) (Cornelissen 
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and Stiling, 2006).  Also, larval survival of the Japanese beetle (Popillia japonica Newman) is 
unaffected by fertiliser application rates, though higher watering rates increase survival (Crutchfield et 
al., 1995).  Additionally, there is no difference in survival of Heliconius erato phyllis (Linnaeus) 
larvae when reared on Passiflora suberosa Linnaeus grown in nitrogen enriched soil compared to 
nitrogen poor soil.  However, plants grown in nitrogen enriched soil (Kerpel et al., 2006) produce 
larvae with shorter  development times, larger adults and are preferred as oviposition sites.  
H. armigera oviposition on a plant increases with use of fertiliser at a typical rate.  Doubling the 
nitrogen application rate has no deleterious effects on the plant itself, but oviposition is not increased 
further.  The proportion of water in the plant has no effect on oviposition choice (Firempong and 
Zalucki, 1990b).  The impact of watering and nitrogen treatments on oviposition rates through the 
effect they have on plant physiology will form one part of this study. 
White’s hypothesis (White, 1969; 1974; 1978; 1984) stated that populations of most herbivorous 
insects are limited by mortality at early life stages as a result of insufficient nitrogen in their hosts.  
When plants are stressed, the concentration of available nitrogen increases and pest populations are 
able to thrive.  The hypothesis was first developed for outbreaks of psyllids, a phloem-feeding pest of 
eucalypts, which strongly correlated with water stress events (White, 1969).  It was then applied to the 
geometrid looper Selidosema suavis, a leaf chewer feeding on Pinus radiata, a poor host, though 
abundant populations were observed during times of water stress (White, 1974).  The hypothesis 
seeks to explain high early life mortality as being limited by the food resources of the trophic level 
below, rather than predation by the trophic level above, and hence the relative abundance of pest 
insects in cropping systems may be a result of humans increasing the available nitrogen in crop plants 
(White, 1978).  Finally the hypothesis was extended to incorporate more types of stress including 
damage such as broken branches and fire, as well as proposing that insects chancing to feed on 
stressed, high nitrogen areas of plants were more likely to survive and have progeny with a similar 
likelihood or preference for such feeding areas (White, 1984). 
Several lepidopteran species (Smerinthus ocellata (Linnaeus), Mimas tiliae (Linnaeus) and Phalera 
bucephala (Linnaeus)) also display a growth response on stressed plants, supporting White’s 
hypothesis (Thomas and Hodkinson, 1991).  Growth rate increases with increasing foliar nitrogen, 
though the beneficial effect on larval growth is greatest on water-stressed plants grown in low soil 
nitrogen. 
In response to White’s hypothesis, Huberty and Denno (2004) conducted a review of the effects of 
water stress on the performance of insects across a number of feeding guilds.  They discovered that 
while short periods of water stress may be beneficial for insects, long periods may decrease survival.  
Foliar nitrogen increases during water stress, but loss of turgor pressure and water content over long 
periods of stress are likely to reduce the ability of the herbivore to access or utilize nitrogen.  
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Additionally, guilds respond differently to degrees of stress.  Contrary to the findings of White 
(1969), sap feeders are generally negatively affected by long periods of stress, while findings for leaf 
chewers are inconsistent.  Huberty and Denno (2004) suggest a ‘pulsed stress hypothesis’  to explain 
outbreaks on stressed plants in the field and negative effects on continually stressed plants in 
glasshouse experiments. 
Further research into the ‘pulsed stress hypothesis’ (Mody et al., 2009) determined that the intensity 
of water stress had a significant impact upon insect performance.  Increasing stress on apple plants 
(Malus domestica) increases foliar nitrogen in young leaves, but decreases water content, and 
increases performance of Spodoptera littoralis (Boisduval), a leaf-chewer, but decreases performance 
of Aphis pomi DeGeer, a phloem feeder.  If these conditions could be replicated on cotton or pigeon 
pea, it is possible that the performance of the leaf-chewer H. armigera might increase. 
Water and nitrogen treatments may also have an additional effect in moderating the release of plant 
volatiles.  Cotton plants which receive water and nitrogen at levels both less and more than an ideal 
rate suffer more defoliation and are less effective at attracting beneficial insects (Olson et al., 2009). 
Additionally, cotton plants release most plant volatiles when nitrogen is applied at an ideal rate.  
Carry-on effects of plant nitrogen content beyond the herbivore have also been observed in the ant-
tended Lycaenid species Jalmenus evagoras (Donovan), which has an oviposition preference for 
Acacia decurrens plants which have been fertilised with nitrogen.  The larvae developing on fertilised 
plants have a higher survival and also attract more ants to protect them than larvae reared on 
unfertilised plants (Baylis and Pierce, 1991). 
While nitrogen is critical for plant growth, it may not be the best predictor for herbivore performance.  
The sugar content of host plants was a better predictor of larval development and performance of H. 
armigera than nitrogen levels (Hou and Sheng, 2000). 
2.5. Resistance 
The mode of action of the two common classes of Cry proteins engineered into plants (Cry1A and 
Cry2A) has been well researched.  Bt toxins in transgenic cotton are ingested by larvae and through a 
series of chemical interactions in the larval midgut with the epithelial membranes, develop pores in 
the lipid lining.  This process can occur within minutes if sufficient toxin is ingested and results in 
larval death over hours or days as midgut fluids leak into the haemolymph (Heckel et al., 2007). 
The implementation of Bt cotton in China has resulted in a decline in H. armigera populations in 
cotton crops, but has also reduced the pressure of the pest in other non-Bt crops across the region (Wu 
et al., 2008).  The reduction in insecticide use resulting from region wide pest suppression caused by 
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Bt cotton is an additional advantage to the immediate reduction in insecticide use on Bt crops 
(Carriere et al., 2003). 
The most common type of resistance to Bt toxins in H. armigera is caused by mutation of a protein 
which results in a 500 fold increase in resistance.  The mutation of the cadherin gene prevents binding 
of Cry1A toxin to the midgut and has a recessive mode of inheritance (Heckel et al., 2007).  In 
Heliothis virescens, the genes which confer resistance to the Cry2Aa toxin are not linked to Cry1A 
resistance, thus there is no significant cross resistance risk (Gahan et al., 2005).  However, in 
diamondback moth (Plutella xylostella (Linnaeus)) one gene has been found to confer resistance to 
four Bt toxins (Cry1Aa, Cry1Ab, Cry1Ac and Cry1F) (Tabashnik et al., 1997).  In H. armigera, 
alleles for resistance to Cry1Ac are rare, while Cry2Ab are common (Downes et al., 2007). 
Populations of the moth Plutella xylostella have evolved a resistance to Bt sprays in the field 
(Tabashnik, 1994b; Tabashnik et al., 1997).  Tabashnik et al. (2013) reviewed data from 77 studies 
across eight countries, and found that 5 of 13 examined pest species globally have a degree of in-field 
resistance to Bt insecticides engineered into various transgenic crops. 
Both of the Helicoverpa spp. species are at risk of developing resistance to the Cry toxins present in 
Bt crops (Fitt, 2000).  This is in part due to the fact that the first generation of transgenic Bt cotton 
Ingard, which utilises the Cry1Ac toxin, was originally developed to be virulent against Heliothis 
virescens and Pectinophora gossypiella (Saunders), not H. armigera or H. punctigera, which have 
lower sensitivity to the toxin (Deguine et al., 2008).  Due to H. armigera remaining in cropping areas, 
it is at a higher risk than H. punctigera of developing resistance to the range of insecticides used in 
agriculture.  The constant exposure to the chemical controls presents a strong selection pressure to the 
pest, selecting out individuals which are resistant to convey their resistance genes to the next 
generation.  The migratory nature of H. punctigera had typically meant that resistance build-up was 
not a concern, as it moves to areas where there is no selection pressure for resistance, diluting any 
resistance accrued in individuals over summer (Fitt, 1989; Forrester et al., 1993).  More recent 
observations however have indicated that H. punctigera is capable of at least showing the initial signs 
of gaining resistance to the Bt toxin Cry2Ab, implemented in the current Bollgard II varieties 
(Downes et al., 2010).  In both species alleles conferring resistance to Cry1Ac are rare, while those 
conferring resistance to the more recently introduced toxin, Cry2Ab, are more common (Downes et 
al., 2007; Mahon et al., 2007). 
In the laboratory, a field collected population of H. armigera containing resistant individuals has been 
artificially selected for resistance to Cry1Ac, so the frequency in the population is homogenous 
(Akhurst et al., 2003).  In this case, resistance to the Cry1Ac toxin has a fitness cost, with 
development taking up to seven days longer for resistant H. armigera when reared on non-Bt cotton 
(Bird and Akhurst, 2004; 2005).  The cost is reduced to 1.5 days when reared on sorghum and there is 
Chapter 2: Literature review 
- 17 - 
no difference in development time between susceptible and resistant larvae when reared on pigeon 
pea (Bird and Akhurst, 2007).  H. armigera that are resistant to the Cry2Ab toxin have no such fitness 
costs with larvae developing at equal rates to susceptible larvae  when reared on non-Bt cotton 
(Mahon and Olsen, 2009).  Even though H. punctigera migrate inland, away from cropping areas 
during winter, there exists the possibility that there is a currently unknown selection pressure for 
Cry2Ab resistance in these areas.  If so, the migration of H. punctigera into cropping areas during the 
cotton growing season would likely increase the level of resistance (Downes et al., 2009). 
In both H. armigera and H. punctigera field-derived Cry2Ab resistant insects are cross-resistant to 
Cry2Ae and susceptible to Cry1Ab. Binding analyses demonstrate that field-derived resistant insects 
exhibit greatly reduced binding of Cry2Ab toxin to midgut receptors suggesting for both Helicoverpa 
species that target site alteration is the mechanism of field-derived resistance to Cry2A proteins 
(Caccia et al., 2010). 
2.5.1. Resistance management 
While transgenic Bt cotton is effective at controlling Helicoverpa spp. populations, it is important to 
have a management strategy so that the toxin continues to be effective for as long as possible.  A 
number of tactics have been implemented to control the development of resistance to insecticides. 
As resistance is recessive, a high dose of toxin in Bt cotton ensures that insects expressing some 
resistance (heterozygotes) are killed before they convey those genes onto the next generation and is 
effective at delaying resistance (Tabashnik et al., 2004).  Pyramiding genes is another tactic that 
manages resistance by combining multiple Bt toxins into one transgenic variety.  Combining toxins 
increases toxicity to a higher level than either gene alone (Lian et al., 2008).  Other strategies include 
the use of selective pesticides and synergists, targeting the most sensitive life stages, using mixtures of 
insecticidal toxins with no cross resistance and alternating the insecticides used over time (Roush, 
1989). 
Pupae busting is a resistance management tactic undertaken at the end of a growing season.  As H. 
armigera overwinter in large populations as pupae in crops, mechanical control of H. armigera 
through full cultivation of fields reduces the number of resistant insects from Bt crops before they 
emerge as adults (Duffield, 2004; Duffield and Dillon, 2005; Fitt and Daly, 1990).  It is not possible 
to use this tactic effectively with H. punctigera because they do not overwinter to any significant 
degree in cropping areas. 
The most effective way of managing resistance in transgenic crops is through use of varieties with 
high dose pyramided insecticidal genes alongside unsprayed refuges, where insects can develop 
without selection pressure for the toxin and interbreed with resistant insects from the transgenic crop 
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(Comins, 1977; Roush et al., 1998).  Pyramiding genes, as in Bollgard II, is a more effective control 
than single gene varieties like Ingard, and usually allows for a reduction in the refuge size while still 
maintaining its efficacy (Roush et al., 1998).  Thus the best resistance management strategy involves 
utilising multiple tactics concurrently with refuges. 
2.6. Refuges 
As part of a resistance management strategy, refuges of a non-insecticidal crop are grown alongside 
Bt transgenic crops in order to dilute resistance in populations of H. armigera moths which may 
survive the Bt toxin.  In Bt cotton cropping systems, the refuge is usually composed of pigeon pea or 
non-Bt cotton. 
Research in the mid-1990s (Baker et al., 2008) indicated that pigeon pea refuges were twice as 
attractive and productive with respect to moths as cotton refuges. Consequently, the RMP requires 
that only half the area of a cotton refuge is required to be planted as a pigeon pea refuge (5% of Bt 
cotton area compared with 10% for cotton refuge areas).  However, no studies on whether the effect 
of crop condition and other agronomic factors affect oviposition preference and larval performance in 
Bt cotton refuges could be found in the peer-reviewed literature. 
Another factor which could have implications for refuge management is learning in H. armigera with 
respect to oviposition behaviour.  H. armigera moths are more likely to feed on the flowers of plants 
with which they have had prior experience (Cunningham et al., 1998b) and also have oviposition 
preference for host plants to which they have previously been exposed (Cunningham et al., 1998a; 
Firempong and Zalucki, 1991). 
The placement of refuges in relation to the transgenic crop can be very important for the dynamics of 
resistant insects from transgenic crops and susceptible insects from refuges.  Proximity of a refuge to 
a Bt crop directly determines how likely insects from either crop are to interbreed and as such, refuges 
should be grown as close as possible to the Bt crop (Dillon et al., 1998).  Distances of less than 
0.75km are most effective at reducing resistance in pink bollworm (Pectinophora gossypiella) 
populations.  The effect of distance is also evident when considering total crop area, with fewer 
susceptible pink bollworms in more expansive areas of Bt crop (Carriere et al., 2004).  Temporal and 
spatial configuration of refuges also impact upon their effectiveness in delaying resistance.  A 
simulation of varied designs found that resistance frequencies decreased when refuge size increased, 
was placed as a border alongside or systematically in patches within the Bt crop, or when the Bt crop 
was rotated with a non-Bt crop suitable as a host for the insect.  Conversely, random patch placement 
or a central block of refuge within the crop, spraying the refuge with insecticide and planting less than 
10% refuge resulted in an increase in resistance frequency (Cerda and Wright, 2004).  While some of 
these treatments are feasible within commercial operations, others do not account for competing 
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concerns of growers.  Where resources are limiting, it will always be more economical to plant the 
minimum area of refuge required in a space and configuration that causes the least interference to the 
commercial crop.  The loss of cropping area to mandatory refuges is often the only cost considered by 
growers, though increased yields and savings from reduced insecticide use may outweigh the cost of 
the refuge (Frisvold and Reeves, 2008; Livingston et al., 2007). 
Since the refuge strategy for managing resistance is a generational landscape model, it is imperative 
that growers comply with mandated requirements.  Geographical Information System (GIS) has been 
used in the United States of America to evaluate grower compliance with refuge requirements, which 
typically averaged above 88% from 1998 to 2003 (Carriere et al., 2005). 
For refuges to be most successful in terms of resistance management it is necessary that mating 
between insects from refuges and the Bt crop is random or positively aligned, the mode of inheritance 
is recessive, and that the initial resistance allele frequencies are low.  Optimal management of refuges 
would mean not only the effective delay of insects acquiring resistance to Bt crops, but also 
potentially reducing the levels of resistance to certain insecticide sprays in pest populations.  Seed 
mixtures actually have the potential to increase resistance if insects move from Bt to non-Bt plants 
allowing survival of individuals that do not get a sufficient dose of the toxin.  Resistance is best 
avoided by limiting contact of the pest to sublethal doses of the toxin (Tabashnik, 1994a).  In a 
laboratory study, after 12 generations of receiving sub-lethal doses of the Bt Cry1Ac toxin, H. 
armigera gain significant levels of tolerance to the toxin (Rahman et al., 2011).  Conditions that 
would allow for a reversal of adaptation to Bt crops include incomplete resistance, larger refuges and 
density independent population growth, in addition to the base refuge requirements (Carriere and 
Tabashnik, 2001).  Larger refuges alongside a reduction in the total area of Bollgard II planted in 
Australia have also been suggested as ways of slowing Bt resistance (Downes et al., 2010).  While 
larger refuges could be introduced and higher dose insecticidal crops could be developed as measures 
of suppressing resistance, no work on density dependent population growth in refuges is currently 
being undertaken.  Research into refuge population dynamics will determine factors limiting insect 
densities, allowing the system to be manipulated for maximum insect production from refuges. 
The widespread implementation of Bt cotton resulted in a 50-60% reduction in insecticide spraying in 
Australia (Roush and Shelton, 1997), which since has declined even further to about 80% reduction of 
levels prior to the introduction of Bt cotton (Wilson et al., 2013).  As a direct consequence of fewer 
insecticide sprays, there are higher populations of beneficial species; hence there should also be a 
reduced need to spray for non-target pests which are suppressed by invertebrate predators.  However, 
some hemipteran sucking pests such as mirids and aphids are becoming increasingly important in 
cotton (Deguine et al., 2008).  Additionally, while an increase in beneficial populations may provide 
Chapter 2: Literature review 
- 20 - 
further control of the pest in the crop, they might also reduce the numbers of Helicoverpa spp. in the 
refuge, having a negative impact on resistance management (Lawrence et al., 2007).   
2.6.1. Cotton versus pigeon pea 
The type of refuge crop grown has significant impact on the number of Helicoverpa spp. produced.  
Pigeon pea produces twice the number of Helicoverpa spp. than unsprayed conventional cotton due to 
its increased attractiveness for oviposition from prolonged flowering (Baker et al., 2008).  As a result, 
only half the area needs to be planted for a refuge of pigeon pea, making it an attractive option for 
growers concerned with losing land to a non-profitable refuge.  Refuges of pigeon pea also have no 
spill-over effects of their attractiveness for oviposition in adjacent Bt crops (Addison, 2010).  This 
means that the refuge can be placed directly adjacent to the Bt crop, facilitating interbreeding, without 
increasing the number of eggs laid on the Bt crop.  Pigeon pea is also the preferred host for neonate 
feeding, producing fitter larvae and pupae, and more fecund moths (Rajapakse and Walter, 2007). 
Larvae developing on and emerging as adults in a pigeon pea crop have an oviposition preference for 
that host (Cunningham et al., 1999).  Thus, larvae developing on pigeon pea may be more likely to lay 
on pigeon pea as adults, making it even more effective at attracting egg lay with each subsequent 
generation.  However, it would also mean less mixing of populations between pigeon pea refuges and 
Bt cotton.  As moths developed on conventional cotton cannot distinguish between conventional and 
Bt cotton (Addison, 2010), there should be no preference for laying eggs in the cotton refuge over the 
Bt crop.  This would mean increased mixing between cotton refuges and Bt cotton.  In this regard, 
cotton refuges are better than pigeon pea refuges for ensuring dilution of resistance in the population. 
Pigeon pea has another possible advantage as a refuge over conventional cotton.  As conventional and 
Bt cotton are the same species of plant, there exists the possibility for refuge contamination, where Bt 
genes transfer into conventional cotton.  Refuge contamination was shown in models to have 
negligible effects on evolution of resistance in pink bollworm, though if heterozygous resistant 
individuals gained a selective advantage over susceptible insects, resistance would be accelerated 
(Heuberger et al., 2008).  Under such a scenario, a contaminated conventional cotton refuge would no 
longer be effective at producing susceptible insects, while a pigeon pea refuge has no risk of Bt cotton 
transgene contamination. 
Interbreeding between Bt crop and refuge moths is pivotal for resistance management and models 
assume that random mating of moths occurs between the two.  However, if moths were to show a 
preference in mate selection for partners that developed on the same host, the advantages of pigeon 
pea over cotton as a refuge would be less certain.  No work has been done in this area, but would be 
of great value to determine the effect of host on mating preference. 
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For effective resistance management, production of adult moths from refuges needs to coincide with 
that of the Bt crop.  However, assuming that a large cohort of eggs is laid on the same day across a 
conventional cotton refuge and Bt cotton, development will take longer on Bt cotton than the refuge 
and moths will emerge and mate in two separate groups with minimal interbreeding (Men et al., 
2005).  Additionally, if moths emerging from Bt cotton are smaller than their non-Bt counterparts, 
they are likely to have lower flight capacities (Wu and Guo, 1997), limiting the possibility of 
interbreeding with moths outside of the Bt crop. 
2.6.2. Carrying capacity 
Carrying capacity, referred to as K in population models, is the average density a population achieves 
under certain conditions.  In this thesis, carrying capacity refers to the maximum population density 
an environment can sustain.  This upper density is influenced by numerous factors including the host 
plant, environmental conditions, predators, parasitoids and pathogens. 
For refuges to be most effective at managing resistance, they need to produce large numbers of 
susceptible Helicoverpa spp.  While much work has been done on oviposition of H. armigera, 
increasing the degree of oviposition does not necessarily result in an increase in moth production.  
Observations of maximum larvae per plant are made frequently in studies with varying results across 
different plant hosts (Bajya et al., 2010; Chatar et al., 2010).  Many studies have observed densities of 
Helicoverpa spp. on host plants, however no research has been carried out looking at maximum 
carrying capacity of host plants. 
Weather has been observed to have significant effects on larval populations.  In cotton, H. armigera 
populations increase with decreased maximum and minimum summer temperatures, as well as a 
decrease in vapour pressure (Bajya et al., 2010).  Low summer temperatures also result in higher 
larval populations in chickpea, as does a higher relative humidity (Chatar et al., 2010).  However, 
populations of H. armigera larvae on chickpea have also been observed to increase with higher 
temperature, rainfall, and vapour pressure (Kant and Kanaujia, 2007; Kant et al., 2007).  More 
investigation into the effect of weather on Helicoverpa spp. on a number of hosts is needed to identify 
the exact conditions that result in maximum larval populations. 
Populations of H. armigera in Australia are significantly impacted by rainfall.  The size of the second 
generation in each season is increased with early winter rainfall, but is decreased with rainfall in 
spring (Maelzer et al., 1996; Maelzer and Zalucki, 1999).  The size of the first spring generation of H. 
armigera and H. punctigera correlate with the Southern Oscillation Index.  Additionally, variations 
between months in the Southern Oscillation Index and Sea Surface Temperature can be used to 
forecast populations of both H. armigera and H. punctigera (Maelzer and Zalucki, 2000). 
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Applying insecticides, to which Helicoverpa spp. are resistant, to refuges could potentially reduce 
predator abundance without any deleterious effects on Helicoverpa spp.  In cropped sorghum, 
spraying refuges of pigeon pea with insecticide allowed for a significant increase in the number of H. 
armigera eggs per plant, but had no effect on the number of larvae even with a significant reduction in 
predator abundance (Sigsgaard and Ersboll, 1999). 
Crops are typically managed in a way that will produce maximum yields.  This, however, may not 
align with management that would result in maximum densities of Helicoverpa spp.  Changing the 
way that crops are grown, such as modifying plant density, fertiliser and irrigation rates, may have 
implications for Helicoverpa spp. larval density.  For example, increasing planting density of 
chickpea resulted in an increase in H. armigera densities (Kant et al., 2007). 
High densities of an overwintering grasshopper, Ageneotettix deorum (Scudder), early in the season 
reduce biomass of their host to such an extent that densities of later developing grasshoppers are 
significantly reduced (Branson, 2010).  Investigations into whether there is a similar effect of high 
densities of Helicoverpa spp. larvae early in the cotton season on larvae developing later in the season 
would assist in determining an optimum carrying capacity for refuges that does not make them 
unattractive for later Helicoverpa spp..  However, no research has been done on any density 
dependent effects in Helicoverpa spp. or any related Lepidoptera.  At high densities H. armigera will 
disperse but also display cannibalism of eggs and larvae, which is more common at higher densities 
and poorer nutritional conditions (Kakimoto et al., 2003; Sigsgaard et al., 2002).  Such behaviour is 
likely to be problematic in seeking maximum production of Helicoverpa spp. from refuges. 
2.7. Conclusion 
This review covered a range of topics and found an abundance of research investigating the biology of 
H. armigera, with less on H. punctigera, including oviposition preference, larval performance, and 
resistance.  There was also a significant amount of work on resistance management tactics for 
Helicoverpa spp.  There were, however, several gaps in the literature, including how Helicoverpa spp. 
populations are affected by varying management strategies of refuge crops and composition of 
invertebrate communities, and what specific plant characteristics are good predictors of larval 
performance in refuges. 
  
Chapter 2: Literature review 
- 23 - 
2.8. References 
Addison, SJ. 2010 Enhancement of refuges for Helicoverpa armigera (Lepidoptera: Noctuidae) used 
in the resistance management plan for cotton (Gossypium hirsutum L.) containing Bollgard II traits. 
Agriculture Ecosystems and Environment 135, 328-335. 
Akhurst, RJ, James, W, Bird, LJ and Beard, C. 2003 Resistance to the Cry1Ac delta-Endotoxin of 
Bacillus thuringiensis in the Cotton Bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae). 
Journal of Economic Entomology 96, 1290-1299. 
Araj, S, Wratten, S, Lister, A and Buckley, H. 2008 Floral diversity, parasitoids and hyperparasitoids - 
A laboratory approach. Basic and Applied Ecology 9, 588-597. 
Atkinson, PR and Nuss, KJ. 1989 Associations between host-plant nitrogen and infestations of the 
sugarcane borer, Eldana saccharina Walker (Lepidoptera: Pyralidae). Bulletin of Entomological 
Research 79, 489-506. 
Bajya, DR, Monga, D, Tyagi, MP and Meena, BL. 2010 Population dynamics of Helicoverpa 
armigera on chick pea, pigeon pea and cotton in correlation with weather parameters. Annals of Plant 
Protection Sciences 18, 227-229. 
Baker, GH, Tann, CR and Fitt, GP. 2008 Production of Helicoverpa spp. (Lepidoptera, Noctuidae) 
from different refuge crops to accompany transgenic cotton plantings in eastern Australia. Australian 
Journal of Agricultural Research 59, 723-732. 
Baylis, M and Pierce, NE. 1991 The effect of host-plant quality on the survival of larvae and 
oviposition by adults of an ant-tended lycaenid butterfly, Jalmenus evagoras. Ecological Entomology 
16, 1-9. 
Bird, LJ and Akhurst, RJ. 2004 Relative fitness of Cry1A-resistant and -susceptible Helicoverpa 
armigera (Lepidoptera: Noctuidae) on conventional and transgenic cotton. Journal of Economic 
Entomology 97, 1699-1709. 
Bird, LJ and Akhurst, RJ. 2005 Fitness of Cry1A-resistant and -susceptible Helicoverpa armigera 
(Lepidoptera: Noctuidae) on Transgenic cotton with reduced levels of Cry1Ac. Journal of Economic 
Entomology 98, 1311-1319. 
Bird, LJ and Akhurst, RJ. 2007 Effects of host plant species on fitness costs of Bt resistance in 
Helicoverpa armigera (Lepidoptera: Noctuidae). Biological Control 40, 196-203. 
Chapter 2: Literature review 
- 24 - 
Branson, DH. 2010 Density-dependent effects of an early season insect herbivore on a later 
developing insect herbivore. Environmental Entomology 39, 346-350. 
Butter, NS and Singh, S. 1996 Ovipositional response of Helicoverpa armigera to different cotton 
genotypes. Phytoparasitica 24, 97-102. 
Caccia, S, Hernandez-Rodriguez, CS, Mahon, RJ, et al. 2010 Binding site alteration is responsible for 
field-isolated resistance to Bacillus thuringiensis Cry2A insecticidal proteins in two Helicoverpa 
species. PLoS ONE, e9975. 
Carriere, Y, Dutilleul, P, Ellers-Kirk, C, et al. 2004 Sources, sinks, and the zone of influence of 
refuges for managing insect resistance to Bt crops. Ecological Applications 14, 1615-1623. 
Carriere, Y, Ellers-Kirk, C, Kumar, K, et al. 2005 Long-term evaluation of compliance with refuge 
requirements for Bt cotton. Pest Management Science 61, 327-330. 
Carriere, Y, Ellers-Kirk, C, Sisterson, M, et al. 2003 Long-term regional suppression of pink 
bollworm by Bacillus thuringiensis cotton. Proceedings of the National Academy of Sciences of the 
United States of America 100, 1519-1523. 
Carriere, Y and Tabashnik, BE. 2001 Reversing insect adaptation to transgenic insecticidal plants. 
Proceedings of the Royal Society of London Series B - Biological Sciences 268, 1475-1480. 
Castillo-Lopez, JL, Cano-Santana, Z and Oyama, K. 2010 Preferences and survival of Lophoceramica 
pyrrha, a shelter builder gregarious noctuid, in two host plants. Dugesiana 17, 229-236. 
Cerda, H and Wright, DJ. 2004 Modeling the spatial and temporal location of refugia to manage 
resistance in Bt transgenic crops. Agriculture Ecosystems & Environment 102, 163-174. 
Chatar, VP, Raghvani, KL, Joshi, MD, Ghadge, SM, Deshmukh, SG and Dalave, SK. 2010 
Population dynamics of pod borer, Helicoverpa armigera (Hübner) infesting chickpea. International 
Journal of Plant Protection 3, 65-67. 
Cleary, AJ, Cribb, BW and Murray, DAH. 2006 Helicoverpa armigera (Hübner): can wheat stubble 
protect cotton plants against attack? Australian Journal of Entomology 45, 10-15. 
Comins, HN. 1977 The development of insecticide resistance in the presence of migration. Journal of 
Theoretical Biology 64, 177-197. 
Common, IFB. 1953 The Australian species of Heliothis (Lepidoptera: Noctuidae) and their pest 
status. Australian Journal of Zoology 1, 319-344 pp. 
Chapter 2: Literature review 
- 25 - 
Cornelissen, T and Stiling, P. 2006 Does low nutritional quality act as a plant defence? An 
experimental test of the slow-growth, high-mortality hypothesis. Ecological Entomology 31, 32-40. 
Cribb, BW, Hanan, J, Zalucki, MP and Perkins, LE. 2010 Effects of plant micro-environment on 
movement of Helicoverpa armigera (Hübner) larvae and the relationship to a hierarchy of stimuli. 
Arthropod - Plant Interactions 4, 165-173. 
Cribb, BW, Hull, CD, Moore, CJ, Cunningham, JP and Zalucki, MP. 2007 Variability in odour 
reception in the peripheral sensory system of Helicoverpa armigera (Hübner) (Lepidoptera: 
Noctuidae). Australian Journal of Entomology 46, 1-6. 
Crutchfield, BA, Potter, DA and Powell, AJ. 1995 Irrigation and nitrogen fertilization effects on white 
grub injury to Kentucky bluegrass and tall fescue turf. Crop Science 35, 1122-1126. 
Cunningham, JP, Jallow, MFA, Wright, DJ and Zalucki, MP. 1998a Learning in host selection in 
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Animal Behaviour 55, 227-234. 
Cunningham, JP, West, SA and Wright, DJ. 1998b Learning in the nectar foraging behaviour of 
Helicoverpa armigera. Ecological Entomology 23, 363-369. 
Cunningham, JP, Zalucki, MP and West, SA. 1999 Learning in Helicoverpa armigera (Lepidoptera: 
Noctuidae): a new look at the behaviour and control of a polyphagous pest. Bulletin of Entomological 
Research 89, 201-207. 
Dandale, HG, Thakare, AY, Tikar, SN, Rao, NGV and Nimbalkar, SA. 2002 Egg laying by 
Helicoverpa armigera (Hübner) on hairy and non-hairy cultivars of hirsutum cotton and its 
parasitization by Trichogramma chilonis Ishii. Insect Environment 8, 167-168. 
Davies, AP, Carr, CM, Scholz, BCG and Zalucki, MP. 2011a Using Trichogramma Westwood 
(Hymenoptera: Trichogrammatidae) for insect pest biological control in cotton crops: an Australian 
perspective. Australian Journal of Entomology 50, 424-440. 
Davies, AP, Pufke, US and Zalucki, MP. 2009 Trichogramma (Hymenoptera: Trichogrammatidae) 
ecology in a tropical Bt transgenic cotton cropping system: sampling to improve seasonal pest impact 
estimates in the ord river irrigation area, Australia. Journal of Economic Entomology 102, 1018-1031. 
Davies, AP, Pufke, US and Zalucki, MP. 2011b Spatio-temporal variation in Helicoverpa egg 
parasitism by Trichogramma in a tropical Bt-transgenic cotton landscape. Agricultural and Forest 
Entomology 13, 247-258. 
Chapter 2: Literature review 
- 26 - 
Deguine, JP, Ferron, P and Russell, D. 2008 Sustainable pest management for cotton production. A 
review. Agronomy for Sustainable Development 28, 113-137. 
Dillon, M, Fitt, G and Zalucki, M. 1998. How should refugia be placed upon the landscape? A 
modelling study considering pest movement behaviour. In: Pest Management - Future Challenges, 
Vols 1 and 2, Proceedings of the 6th Australasian Applied Entomology Conference, Brisbane (eds MP 
Zalucki, R Drew and GG White) 179-188. University of Queensland Press, Brisbane. 
Doss, SA. 1979 Effect of host plants on some biological aspects of the bollworm Heliothis armigera 
(Hübner) (Lepidoptera, Noctuidae). Journal of Plant Diseases and Protection 86, 143-147. 
Downes, S, Mahon, R and Olsen, K. 2007 Monitoring and adaptive resistance management in 
Australia for Bt-cotton: Current status and future challenges. Journal of Invertebrate Pathology 95, 
208-213. 
Downes, S, Mahon, RJ, Rossiter, L, et al. 2010 Adaptive management of pest resistance by 
Helicoverpa species (Noctuidae) in Australia to the Cry2Ab Bt toxin in Bollgard II cotton. 
Evolutionary Applications 3, 574-584. 
Downes, S, Parker, TL and Mahon, RJ. 2009 Frequency of alleles conferring resistance to the Bacillus 
thuringiensis toxins Cry1Ac and Cry2Ab in Australian populations of Helicoverpa punctigera 
(Lepidoptera: Noctuidae) from 2002 to 2006. Journal of Economic Entomology 102, 733-742. 
Duffield, S. 2004 Evaluation of the risk of overwintering Helicoverpa spp. pupae under irrigated 
summer crops in south-eastern Australia and the potential for area-wide management. Annals of 
Applied Biology 144, 17-26. 
Duffield, SJ and Dillon, ML. 2005 The emergence and control of overwintering Helicoverpa 
armigera pupae in southern New South Wales. Australian Journal of Entomology 44, 316-320. 
Farrow, RA and Daly, JC. 1987 Long-range movements as an adaptive strategy in the genus Heliothis 
(Lepidoptera: Noctuidae): a review of its occurrence and detection in four pest species. Australian 
Journal of Zoology 35, 1-24. 
Firempong, S and Zalucki, MP. 1990a Host plant preferences of populations of Helicoverpa armigera 
(Hübner) (Lepidoptera, Noctuidae) from different geographic locations. Australian Journal of 
Zoology 37, 665-673. 
Firempong, S and Zalucki, MP. 1990b Host plant selection by Helicoverpa armigera (Hübner) 
(Lepidoptera: Noctuidae); role of certain plant attributes. Australian Journal of Zoology 37, 675-683. 
Chapter 2: Literature review 
- 27 - 
Firempong, S and Zalucki, MP. 1991 Host plant selection by Helicoverpa armigera (Lepidoptera: 
Noctuidae): the role of some herbivore attributes. Australian Journal of Zoology 39, 343-350. 
Fitt, GP. 1989 The ecology of Heliothis species in relation to agroecosystems. Annual Review of 
Entomology 34, 17-52. 
Fitt, GP. 1994 Cotton pest management: Part 3. An Australian perspective. Annual Review of 
Entomology 39, 543-562. 
Fitt, GP. 2000 An Australian approach to IPM in cotton: integrating new technologies to minimise 
insecticide dependence. Crop Protection 19, 793-800. 
Fitt, GP and Daly, JC. 1990 Abundance of overwintering pupae and the spring generation of 
Helicoverpa spp. (Lepidoptera: Noctuidae) in northern New South Wales, Australia - Implications for 
pest management. Journal of Economic Entomology 83, 1827-1836. 
Floater, GJ. 1997 Rainfall, nitrogen and host plant condition: consequences for the processionary 
caterpillar, Ochrogaster lunifer. Ecological Entomology 22, 247-255. 
Forrester, NW, Cahill, M, Bird, LJ and Layland, JK. 1993 Management of pyrethroid and endosulfan 
resistance in Helicoverpa armigera (Lepidoptera, Noctuidae) in Australia. Bulletin of Entomological 
Research, R1-132. 
Frisvold, GB and Reeves, JM. 2008 The costs and benefits of refuge requirements: the case of Bt 
cotton. Ecological Economics 65, 87-97. 
Gahan, LJ, Ma, YT, Coble, MLM, Gould, F, Moar, WJ and Heckel, DG. 2005 Genetic basis of 
resistance to Cry1Ac and Cry2Aa in Heliothis virescens (Lepidoptera: Noctuidae). Journal of 
Economic Entomology 98, 1357-1368. 
Georgievska, L, Hoover, K, Werf, Wvd, et al. 2010a Dose dependency of time to death in single and 
mixed infections with a wild-type and egt deletion strain of Helicoverpa armigera 
nucleopolyhedrovirus. Journal of Invertebrate Pathology 104, 44-50. 
Georgievska, L, Joosten, N, Hoover, K, Cory, JS, Vlak, JM and Werf, Wvd. 2010b Effects of single 
and mixed infections with wild type and genetically modified Helicoverpa armigera 
nucleopolyhedrovirus on movement behaviour of cotton bollworm larvae. Entomologia 
Experimentalis Et Applicata 135, 56-67. 
Chapter 2: Literature review 
- 28 - 
Georgievska, L, Vries, RSMd, Gao, P, et al. 2010c Transmission of wild-type and recombinant 
HaSNPV among larvae of Helicoverpa armigera (Lepidoptera: Noctuidae) on cotton. Environmental 
Entomology 39, 459-467. 
Gregg, PC, Del Socorro, AP and Rochester, WA. 2001 Field test of a model of migration of moths 
(Lepidoptera: Noctuidae) in inland Australia. Australian Journal of Entomology 40, 249-256. 
Gregg, PC, Fitt, GP, Zalucki, MP and Murray, DAH. 1995. Insect migration in an arid continent. 2. 
Helicoverpa spp. in eastern Australia, Cambridge Univ Press, Cambridge. 
Gu, H and Walter, GH. 1999 Is the common sowthistle (Sonchus oleraceus) a primary host plant of 
the cotton bollworm, Helicoverpa armigera (Lep., Noctuidae)? Oviposition and larval performance. 
Journal of Applied Entomology 123, 99-105. 
Hari, NS and Mahal, MS. 2008 Sub-lethal influences of different insecticides on oviposition 
preference of Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae) on cotton in relation to 
altered plant morphology. International Journal of Pest Management 54, 181-187. 
Hassan, STS, Wilson, LT and Blood, PRB. 1990 Oviposition by Heliothis armigera and Heliothis 
punctigera (Lepidoptera, Noctuidae) on okra leaf and smooth-leaf cotton. Environmental Entomology 
19, 710-716. 
Heckel, DG, Gahan, LJ, Baxter, SW, et al. 2007 The diversity of Bt resistance genes in species of 
Lepidoptera. Journal of Invertebrate Pathology 95, 192-197. 
Heuberger, S, Ellers-Kirk, C, Yafuso, C, et al. 2008 Effects of refuge contamination by transgenes on 
Bt resistance in pink bollworm (Lepidoptera: Gelechiidae). Journal of Economic Entomology 101, 
504-514. 
Hillhouse, TL and Pitre, HN. 1976 Oviposition by Heliothis on soybeans and cotton. Journal of 
Economic Entomology 69, 144-146. 
Hou, M and Sheng, C. 2000 Effects of different foods on growth, development and reproduction of 
cotton bollworm, Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Acta Entomologica 
Sinica 43, 168-175. 
Hough, JA and Pimentel, D. 1978 Influence of host foliage on development, survival, and fecundity 
of the gypsy moth. Environmental Entomology 7, 97-102. 
Huberty, AF and Denno, RF. 2004 Plant water stress and its consequences for herbivorous insects: A 
new synthesis. Ecology 85, 1383-1398. 
Chapter 2: Literature review 
- 29 - 
Jallow, MF and Zalucki, MP. 2003 Relationship between oviposition preference and offspring 
performance in Australian Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Australian 
Journal of Entomology 42, 343-348. 
Jallow, MFA, Cunningham, JP and Zalucki, MP. 2004 Intra-specific variation for host plant use in 
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae): implications for management. Crop 
Protection 23, 955-964. 
Jallow, MFA, Matsumura, M and Suzuki, Y. 2001 Oviposition preference and reproductive 
performance of Japanese Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Applied 
Entomology and Zoology 36, 419-426. 
Jallow, MFA and Zalucki, MP. 1995 A technique for measuring intraspecific variation in oviposition 
preference in Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Australian Journal of 
Entomology 34, 281-288. 
Jallow, MFA and Zalucki, MP. 1996 Within- and between-population variation in host-plant 
preference and specificity in Australian Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). 
Australian Journal of Zoology 44, 503-519. 
Jallow, MFA and Zalucki, MP. 1998 Effects of egg load on the host-selection behaviour of 
Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). Australian Journal of Zoology 46, 291-
299. 
Jallow, MFA, Zalucki, MP and Fitt, GP. 1999 Role of chemical cues from cotton in mediating host 
selection and oviposition behaviour in Helicoverpa armigera (Hübner) (Lepidoptera: Noctuidae). 
Australian Journal of Entomology 38, 359-366. 
Johnson, ML and Zalucki, MP. 2005 Foraging behaviour of Helicoverpa armigera first instar larvae 
on crop plants of different developmental stages. Journal of Applied Entomology 129, 239-245. 
Johnson, ML and Zalucki, MP. 2007 Feeding and foraging behaviour of a generalist caterpillar: are 
third instars just bigger versions of firsts? Bulletin of Entomological Research 97, 81-88. 
Kakimoto, T, Fujisaki, K and Miyatake, T. 2003 Egg laying preference, larval dispersion, and 
cannibalism in Helicoverpa armigera (Lepidoptera: Noctuidae). Annals of the Entomological Society 
of America 96, 793-798. 
Kant, K and Kanaujia, KR. 2007 Monitoring of Helicoverpa armigera (Hubner) through light trap: 
effect of environmental factors. Environment and Ecology (Kalyani) 25, 92-93. 
Chapter 2: Literature review 
- 30 - 
Kant, K, Kanaujia, KR and Kanaujia, S. 2007 Role of plant density and abiotic factors on population 
dynamics of Helicoverpa armigera (Hubner) in chick pea. Annals of Plant Protection Sciences 15, 
303-306. 
Kerpel, SM, Soprano, E and Moreira, GRP. 2006 Effect of nitrogen on Passiflora suberosa L. 
(Passifloraceae) and consequences for larval performance and oviposition in Heliconius erato phyllis 
(Fabricius) (Lepidoptera: Nymphalidae). Neotropical Entomology 35, 192-200. 
Kumar, S, Saini, RK and Ram, P. 2009 Natural mortality of Helicoverpa armigera (Hübner) eggs in 
the cotton ecosystem. Journal of Agricultural Science and Technology 11, 17-25. 
Kyi, A, Zalucki, MP and Titmarsh, IJ. 1991 An experimental study of early stage survival of 
Helicoverpa armigera (Lepidoptera: Noctuidae) on cotton. Bulletin of Entomological Research 81, 
263-271. 
Lawrence, L and Dillon, M. 2004a Honey bee crop dusters plug a gap in Bt cotton defences. 
Australian Cottongrower 25, 14-15. 
Lawrence, L and Dillon, M. 2004b Using honey bees to plug a gap in Bt in cotton plants. Outlooks on 
Pest Management 15, 83-84. 
Lawrence, L, Tann, C and Baker, G. 2007 Refuge crops provide refuge for more than Helicoverpa. 
Australian Cottongrower 28, 26-27. 
Lian, Y, Jia, ZW, He, KL, et al. 2008 Transgenic tobacco plants expressing synthetic Cry1Ac and 
Cry1le genes are more toxic to cotton bollworm than those containing one gene. Chinese Science 
Bulletin 53, 1381-1387. 
Liu, Z, Li, D, Gong, P and Wu, K. 2004 Life table studies of the cotton bollworm, Helicoverpa 
armigera (Hubner) (Lepidoptera: Noctuidae), on different host plants. Environmental Entomology 33, 
1570-1576. 
Liu, ZD, Scheirs, J and Heckel, DG. 2010 Host plant flowering increases both adult oviposition 
preference and larval performance of a generalist herbivore. Environmental Entomology 39, 552-560. 
Livingston, MJ, Storer, NP, Duyn, JWv and Kennedy, GG. 2007 Do refuge requirements for 
biotechnology crops promote economic efficiency? Some evidence for Bt cotton. Journal of 
Agricultural and Applied Economics 39, 171-185. 
Lopez, M, Rojas, JC, Vandame, R and Williams, T. 2002 Parasitoid-mediated transmission of an 
iridescent virus. Journal of Invertebrate Pathology 80, 160-170. 
Chapter 2: Literature review 
- 31 - 
Maelzer, D, Zalucki, MP and Laughlin, R. 1996 Analysis and interpretation of long term light trap 
data for Helicoverpa punctigera (Lepidoptera: Noctuidae) in Australia: Population changes and 
forecasting pest pressure. Bulletin of Entomological Research 86, 547-557. 
Maelzer, DA and Zalucki, MP. 1999 Analysis of long-term light-trap data for Helicoverpa spp. 
(Lepidoptera: Noctuidae) in Australia: the effect of climate and crop host plants. Bulletin of 
Entomological Research 89, 455-463. 
Maelzer, DA and Zalucki, MP. 2000 Long range forecasts of the numbers of Helicoverpa punctigera 
and H. armigera (Lepidoptera: Noctuidae) in Australia using the Southern Oscillation Index and the 
Sea Surface Temperature. Bulletin of Entomological Research 90, 133-146. 
Mahon, R, Downes, S, Olsen, K and Parker, T. 2007 An update on Bt resistance in Helicoverpa in 
Australia. Outlooks on Pest Management 18, 257-259. 
Mahon, RJ and Olsen, KM. 2009 Limited Survival of a Cry2Ab-Resistant Strain of Helicoverpa 
armigera (Lepidoptera: Noctuidae) on Bollgard II. Journal of Economic Entomology 102, 708-716. 
Mansfield, S, Dillon, ML and Whitehouse, MEA. 2006 Are arthropod communities in cotton really 
disrupted? An assessment of insecticide regimes and evaluation of the beneficial disruption index. 
Agriculture Ecosystems & Environment 113, 326-335. 
Mansfield, S, Elias, NV and Lytton-Hitchins, JA. 2003 Ants as egg predators of Helicoverpa 
armigera (Hübner) (Lepidoptera: Noctuidae) in Australian cotton crops. Australian Journal of 
Entomology 42, 349-351. 
Marvier, M, McCreedy, C, Regetz, J and Kareiva, P. 2007 A meta-analysis of effects of Bt cotton and 
maize on nontarget invertebrates. Science 316, 1475-1477. 
Men, X, Ge, F, Yardim, EN and Parajulee, MN. 2005 Behavioral response of Helicoverpa armigera 
(Lepidoptera: Noctuidae) to cotton with and without expression of the CrylAc delta-endotoxin protein 
of Bacillus thuringiensis Berliner. Journal of Insect Behavior 18, 33-50. 
Mensah, RK. 1999 Habitat diversity: implications for the conservation and use of predatory insects of 
Helicoverpa spp. in cotton systems in Australia. International Journal of Pest Management 45, 91-
100. 
Mody, K, Eichenberger, D and Dorn, S. 2009 Stress magnitude matters: different intensities of pulsed 
water stress produce non-monotonic resistance responses of host plants to insect herbivores. 
Ecological Entomology 34, 133-143. 
Chapter 2: Literature review 
- 32 - 
Murray, DAH, Monsour, CJ, Teakle, RE, Rynne, KP and Bean, JA. 1995 Interactions between 
nuclear polyhedrosis virus and three larval parasitoids of Helicoverpa armigera (Hübner) 
(Lepidoptera: Noctuidae). Journal of the Australian Entomological Society 34, 319-322. 
Naranjo, SE. 2005a Long-term assessment of the effects of transgenic Bt cotton on the abundance of 
nontarget arthropod natural enemies. Environmental Entomology 34, 1193-1210. 
Naranjo, SE. 2005b Long-term assessment of the effects of transgenic Bt cotton on the function of the 
natural enemy community. Environmental Entomology 34, 1211-1223. 
Olson, DM, Cortesero, AM, Rains, GC, Potter, T and Lewis, WJ. 2009 Nitrogen and water affect 
direct and indirect plant systemic induced defense in cotton. Biological Control 49, 239-244. 
Parajulee, MN, Shrestha, RB, Leser, JF, Wester, DB and Blanco, CA. 2006 Evaluation of the 
functional response of selected arthropod predators on bollworm eggs in the laboratory and effect of 
temperature on their predation efficiency. Environmental Entomology 35, 379-386. 
Parsons, FS. 1940 Investigations on the cotton bollworm, Heliothis armigera, Hübn. Part III. 
Relationships between oviposition and the flowering curves of food-plants. Bulletin of Entomological 
Research 31, 147-177 pp. 
Perkins, LE, Cribb, BW, Hanan, J, Glaze, E, Beveridge, C and Zalucki, MP. 2008 Where to from 
here? The mechanisms enabling the movement of first instar caterpillars on whole plants using 
Helicoverpa armigera (Hübner). Arthropod-Plant Interactions 2, 197-207. 
Perkins, LE, Cribb, BW, Hanan, J and Zalucki, M. 2010 The movement and distribution of 
Helicoverpa armigera (Hübner) larvae on pea plants is affected by egg placement and flowering. 
Bulletin of Entomological Research 100, 591-598. 
Perkins, LE, Cribb, BW, Hanan, J and Zalucki, MP. 2009 The role of two plant-derived volatiles in 
the foraging movement of 1st instar Helicoverpa armigera (Hübner): time to stop and smell the 
flowers. Arthropod - Plant Interactions 3, 173-179. 
Perovic, DJ, Johnson, ML, Scholz, B and Zalucki, MP. 2008 The mortality of Helicoverpa armigera 
(Hübner) (Lepidoptera: Noctuidae) neonate larvae in relation to drop-off and soil surface temperature: 
the dangers of bungy jumping. Australian Journal of Entomology 47, 289-296. 
Prasifka, JR, Heinz, KM and Minzenmayer, RR. 2004 Relationships of landscape, prey and 
agronomic variables to the abundance of generalist predators in cotton (Gossypium hirsutum) fields. 
Landscape Ecology 19, 709-717. 
Chapter 2: Literature review 
- 33 - 
Rahman, M, Glatz, R, Roush, R and Schmidt, O. 2011 Developmental penalties associated with 
inducible tolerance in Helicoverpa armigera to insecticidal toxins from Bacillus thuringiensis. 
Applied and Environmental Microbiology 77, 1443-1448. 
Rajapakse, CNK and Walter, GH. 2007 Polyphagy and primary host plants: oviposition preference 
versus larval performance in the lepidopteran pest Helicoverpa armigera. Arthropod-Plant 
Interactions 1, 17-26. 
Rhodes, J. 2002 Cotton pollination by honey bees. Australian Journal of Experimental Agriculture 42, 
513-518. 
Roush, RT. 1989 Designing resistance management programs: How can you choose? Pesticide 
Science 26, 423-441. 
Roush, RT. 1994 Managing pests and their resistance to Bacillus thuringiensis - Can transgenic crops 
be better than sprays? Biocontrol Science and Technology 4, 501-516. 
Roush, RT, Fitt, GP, Forrester, NW and Daly, JC. 1998 Resistance management for insecticidal 
transgenic crops: theory and practice. Proceedings of the Sixth Australasian Applied Entomological 
Research Conference, 247-257. 
Roush, RT and Shelton, AM. 1997 Assessing the odds: The emergence of resistance to Bt transgenic 
plants. Nature Biotechnology 15, 816-817. 
Sigsgaard, L and Ersboll, AK. 1999 Effects of cowpea intersowing and insecticide application on 
Helicoverpa armigera Hübner (Lepidoptera: Noctuidae) and its natural enemies in pigeonpea 
intercropped with sorghum. International Journal of Pest Management 45, 61-67. 
Sigsgaard, L, Greenstone, MH and Duffield, SJ. 2002 Egg cannibalism in Helicoverpa armigera on 
sorghum and pigeonpea. Biocontrol 47, 151-165. 
Stevenson, PC, D'Cunha, RF and Grzywacz, D. 2010 Inactivation of baculovirus by isoflavonoids on 
chickpea (Cicer arietinum) leaf surfaces reduces the efficacy of nucleopolyhedrovirus against 
Helicoverpa armigera. Journal of Chemical Ecology 36, 227-235. 
Tabashnik, BE. 1994a Delaying insect adaption to transgenic plants: seed mixtures and refugia 
reconsidered. Proceedings of the Royal Society of London Series B - Biological Sciences 255, 7-12. 
Tabashnik, BE. 1994b Evolution of resistance to Bacillus thuringiensis. Annual Review of 
Entomology 39, 47-79. 
Chapter 2: Literature review 
- 34 - 
Tabashnik, BE, Brevault, T and Carriere, Y. 2013 Insect resistance to Bt crops: lessons from the first 
billion acres. Nat Biotech 31, 510-521. 
Tabashnik, BE, Gould, F and Carriere, Y. 2004 Delaying evolution of insect resistance to transgenic 
crops by decreasing dominance and heritability. Journal of Evolutionary Biology 17, 904-912. 
Tabashnik, BE, Liu, YB, Finson, N, Masson, L and Heckel, DG. 1997 One gene in diamondback 
moth confers resistance to four Bacillus thuringiensis toxins. Proceedings of the National Academy of 
Sciences of the United States of America 94, 1640-1644. 
Tang, P, Zhang, H, Li, Y, et al. 2012 Genomic sequencing and analyses of HearMNPV - a new 
multinucleocapsid nucleopolyhedrovirus isolated from Helicoverpa armigera. Virology Journal 9, (22 
August 2012). 
Thomas, AT and Hodkinson, ID. 1991 Nitrogen, water stress and the feeding efficiency of 
lepidopteran herbivores. Journal of Applied Ecology 28, 703-720. 
Titmarsh, IJ. 1992. Mortality of immature Lepidoptera: a case study with Heliothis species 
(Lepidoptera: Noctuidae) in agricultural crops on the Darling Downs. Ph.D. Thesis, University of 
Queensland. 
van den Berg, H and Cock, MJW. 1995 Spatial association between Helicoverpa armigera and its 
predators in smallholder crops in Kenya. Journal of Applied Ecology 32, 242-252. 
War, AR, Paulraj, MG, Barkat, H, Buhroo, AA, Savarimuthu, I and Sharma, HC. 2013 Effect of plant 
secondary metabolites on legume pod borer, Helicoverpa armigera. Journal of Pest Science 86, 399-
408. 
White, TCR. 1969 An index to measure weather-induced stress of trees associated with outbreaks of 
psyllids in Australia. Ecology 50, 905-909. 
White, TCR. 1974 Hypothesis to explain outbreaks of looper caterpillars, with special reference to 
populations of Selidosema suavis in a plantation of Pinus radiata in New Zealand. Oecologia 16, 279-
301. 
White, TCR. 1978 Importance of a relative shortage of food in animal ecology. Oecologia 33, 71-86. 
White, TCR. 1984 The abundance of invertebrate herbivores in relation to the availability of nitrogen 
in stressed food plants. Oecologia 63, 90-105. 
Chapter 2: Literature review 
- 35 - 
Wilson, L, Downes, S, Khan, M, et al. 2013 IPM in the transgenic era: a review of the challenges 
from emerging pests in Australian cotton systems. Crop & Pasture Science 64, 737-749. 
Wu, K and Guo, Y. 1997 Effects of food quality and larval density on flight capacity of cotton 
bollworm. Acta Entomologica Sinica 40, 51-57. 
Wu, KM, Lu, YH, Feng, HQ, Jiang, YY and Zhao, JZ. 2008 Suppression of cotton bollworm in 
multiple crops in china in areas with Bt toxin containing cotton. Science 321, 1676-1678. 
Yang, S, Wu, H, Xie, J and Rantala, MJ. 2013 Depressed performance and detoxification enzyme 
activities of Helicoverpa armigera fed with conventional cotton foliage subjected to methyl jasmonate 
exposure. Entomologia Experimentalis Et Applicata 147, 186-195. 
Zalucki, MP, Clarke, AR and Malcolm, SB. 2002 Ecology and behavior of first instar larval 
Lepidoptera. Annual Review of Entomology 47, 361-393. 
Zalucki, MP, Daglish, G, Firempong, S and Twine, P. 1986 The biology and ecology of Heliothis 
armigera (Hübner) and Heliothis punctigera Wallengren (Lepidoptera : Noctuidae) in Australia: What 
do we know? Australian Journal of Zoology 34, 779-814. 
 
Chapter 3: Effect of larval density on oviposition preference and survival of Helicoverpa armigera 
(Hübner) 
- 36 - 
Chapter 3: Effect of larval density on oviposition 
preference and survival of Helicoverpa armigera 
(Hübner) 
3.1. Introduction 
For refuges to be most effective at managing resistance, production of susceptible insects needs to be 
maximised.  Observations of Helicoverpa armigera (Hübner) larval densities in crops have been 
reported.  Cotton (Gossypium hirsutum) and pigeon pea (Cajanus cajan) in India have had observed 
larval counts of 21.3 and 4.8 larvae per ten plants respectively, while 9.2 - 31.2 larvae per ten plants 
have been observed in chickpea (Cicer arietinum) (Bajya et al., 2010; Chatar et al., 2010).  However, 
no studies have directly investigated density dependent effects of H. armigera in determining a 
carrying capacity in refuge crops. 
Determining the maximum carrying capacity for H. armigera and H. punctigera would allow for 
better monitoring and assessment of the productivity of refuges.  Knowing the potential maximum 
productivity as well as factors that contribute to better oviposition and survival rates would enable 
better management of refuges.  This would help ensure they achieve their purpose of delaying 
resistance as long as possible.  The benefits of highly productive refuges extend beyond Bt cotton 
systems because refuges can be implemented as a resistance management technique against any 
diploid pest where the expression of resistance is not dominant, that is, only homozygous resistant 
individuals survive. 
One of the barriers to achieving the maximum densities of Helicoverpa spp. in refuges is intraspecific 
competition.  At high densities H. armigera may disperse but can also display cannibalism of eggs 
and larvae (Kakimoto et al., 2003; Sigsgaard et al., 2002).  Such behaviour is likely to be problematic 
in seeking maximum production of Helicoverpa spp. from refuges. 
Another potential limiting factor in achieving maximum carrying capacity is the interactions that 
Helicoverpa spp. have with other invertebrates, including predation by, and competition with, other 
species. Predator abundance could be reduced without affecting Helicoverpa spp. abundance by 
applying insecticides to refuges that are ineffective against Helicoverpa spp.  In cropped sorghum, 
spraying refuges of pigeon pea with insecticide allowed for a significant increase in the number of H. 
armigera eggs per plant, but had no effect on the number of larvae, even with a significant reduction 
in predator abundance (Sigsgaard and Ersboll, 1999). 
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Dimethoate is an anti-cholinesterase compound intended for use in cotton against spider mites 
(Tetranychus spp.), thrips (Thysanoptera), aphids (Aphididae) and other hemipteran insects including 
green vegetable bug (Nezara viridula Linnaeus), green mirids (Creontiades dilutus (Stål)), apple 
dimpling bug (Campylomma liebknechti (Girault)), brown smudge bug (Deraeocoris signatus 
(Distant)), broken-backed bug (Taylorilygus pallidulus (Blanchard)) and rutherglen bug (Nysius 
vinitor Bergroth).  Diafenthiuron also targets sucking pests, especially whitefly (Bemisia tabaci and 
Trialeurodes vaporariorum) and mites (Acari); it has a different mode of action and persists in the 
crop longer than dimethoate (Cotton Research and Development Corporation, 2012). 
The phenology of crops varies between cotton and pigeon pea.  Cotton mainly flowers in January and 
by February it is setting fruit and has fewer flowers.  Also, further into the season cotton accumulates 
more tannins.  However, pigeon pea can flower more than once, possibly flowering in early January 
and then again in February, or alternatively, pigeon pea might only flower in February.  The 
phenology of each crop was noted for each experiment. 
Both oviposition preferences and larval performance for H. armigera are highly variable and not 
strictly limited to the species of host plant.  This chapter assesses two refuge crops, cotton and pigeon 
pea, and explores the effects of larval density, plant morphology and insecticide application on the 
productivity of refuges.  Chapter 4 expands on this chapter by examining how the same factors affect 
invertebrate community composition. 
3.2. Materials and methods 
Experiments were undertaken during the 2010-11, 2011-12 and 2012-13 cotton growing seasons at 
the Australian Cotton Research Institute (ACRI) at Narrabri, New South Wales to investigate carrying 
capacity and density effects of H. armigera in cotton and pigeon pea refuges. 
Each experiment was conducted in a trapezoidal-shaped 4.17 hectare field at ACRI.  The field was 
divided in half by area and managed with yearly alternating rotations of summer crops (cotton 
varieties and pigeon pea), a winter crop (wheat) and a fallow period (Table 3.1). 
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Table 3.1. Crop rotations for the experimental field at ACRI 
Season Field east Field west 
Summer 2011 fallow cotton / pigeon pea 
Winter 2011 fallow wheat 
Summer 2012 cotton / pigeon pea fallow 
Winter 2012 wheat fallow 
Summer 2013 fallow cotton / pigeon pea 
Winter 2013 fallow wheat 
 
Sowing occurred in late October, and was either bulk-planted (large single blocks with one crop type), 
or in the form of plot trials (multiple smaller areas arranged systematically across the field), which 
varied in size between experiments.  H. armigera eggs and larvae were artificially introduced at 
varying densities into plots of the two most common refuge options, pigeon pea and cotton, in a range 
of stocking area sizes.  Larvae were monitored in the field until pupation, collected, and allowed to 
emerge in the laboratory.  Insecticide was incorporated as a treatment in the 2011-12 (dimethoate, 
diafenthiuron) and 2012-13 (dimethoate) seasons.  Including more treatments under the constraints of 
limited field area and labour meant that the number of replicates per treatment varied between 
experiments.  The compromise between the number of treatments and number of replicates per 
treatment was needed with the inclusion of insecticide as a treatment, and came in the form of 
reducing the number of stocking rates as well as the number of replicates.  The details of each 
experiment are summarised in Table 3.2. 
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Table 3.2 - Summary of experimental designs (for field arrangement, ‘bulk’ indicates large single blocks with 
one crop type, ‘plot’ is multiple smaller areas arranged systematically across the field) 
 Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Season Jan 14 - Feb 3 
2011 
Feb 19 - Mar 8 
2011 
Jan 14 – 30 
2012 
Feb 2-20 
2013 
Life stage Eggs 2nd instar larvae 2nd instar larvae (no stock) 
Stocking rates/m2 0, 1, 10, 100 0, 5, 18, 44 0, 10, 50 - 
Field arrangement Bulk Bulk Plot Plot 
Crops cotton 
pigeon pea 
cotton 
pigeon pea 
cotton 
pigeon pea 
cotton 
pigeon pea 
Plot size 1m × 1m 1m × 1m 12m × 12m 24m × 24m 
Stocking area 1m × 1m 1m × 1m 5m × 5m - 
Insecticide - - dimethoate 
diafenthiuron 
dimethoate 
Replicates 10 10 3 plots 
1 within-plot 
2 plots 
3 within-plot 
Sampling methods visuals 
pupae digs 
beatsheet 
visuals 
pupae digs 
beatsheet 
visuals 
pupae digs 
beatsheet 
visuals 
beatsheet 
 
3.2.1. Sampling methods 
Visual sampling involved searching every surface of plants along one metre of a row of crop, 
equivalent to one square metre of cotton or pigeon pea for Helicoverpa spp. eggs and larvae.  Unless 
otherwise stated, sampling only involved observations and neither eggs nor larvae were removed or 
destroyed.  To assess the general oviposition preferences of Helicoverpa spp. for plant characteristics, 
oviposition rates were assessed across both crop types, but were also investigated independently. 
Sampling of pupae was carried out by searching one square metre of soil for Helicoverpa spp. pupae.  
After plant debris was removed, the top 1cm of soil was scraped away gently using a digging trowel.  
As entrance tunnels to Helicoverpa spp. pupal chambers became apparent, targeted digging allowed 
for the careful extraction of pupae.  Progressively more soil was scraped away from the tunnels, and 
as pupae were located, an assessment of their condition was made, and it was noted whether they were 
damaged by the digging process.  If only a pupal casing was found, it was noted if a moth or 
parasitoid had emerged, judging from the manner in which the casing had been opened.    Pupae were 
collected, placed into small 30mL plastic containers and transported to the laboratory to observe if 
emergence occurred. 
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“Beatsheeting” was used to sample invertebrate communities.  The technique involves placing the 
edge of a yellow plastic sheet 1.8m by 1.8m in size against the base of the plants to be sampled, 
extending away from the plants along the ground and continuing up alongside the plants of the 
neighbouring row.  A 1m rod of polyvinyl carbonate conduit approximately 25mm wide was then 
placed against the plants to be sampled, gently pushing the plants towards the sheet so they were 
overhanging the sheet.  The plants were beaten ten times so that each beat connected with the plants at 
the same initial position, with enough force to shake the plants vigorously over the sheet.  Some 
invertebrates flew away during the beat and were counted as they did so.  The remaining invertebrates 
were observed and counted on the sheet with priority given to those likely to move away quickly.  
After counting, the invertebrates were returned to the plants from which they came.  This sampling 
was accomplished with a team of two or more persons. 
3.2.2. Helicoverpa armigera colony rearing 
The CSIRO H. armigera general rearing (GR) colony was used to produce egg cards.  The colony 
originated from cotton fields during the mid-1980s and has since been supplemented with field 
material added periodically to retain strain vigour.  The production of insects was staggered so that 
moths would emerge, mate and lay eggs on cards over eight days.  Approximately 40 female and 40 
male pupae were placed into buckets on each of these days, with a container of honey and water 
mixture introduced once moths had emerged. The moths fed from a cotton wick soaking in the 
mixture and protruding from the container.  After allowing 24 hours for mating, the buckets were 
lined with A4-sized card paper, including under the lid, for mated female moths to lay eggs upon.  
The paper was removed each day and replaced with fresh paper. Eggs on the removed paper were 
observed and once confirmed as fertile (a fertilised egg becomes brown as a larva develops within), 
cut into sections of 0, 1, 5 and 20 eggs, to be applied at rates of 0, 1, 10 and 100 eggs per metre.  Egg 
cards derived from these same colonies were observed in a controlled temperature room (25°C) to 
estimate natural hatching rates. 
To garner as much information as possible on the entire life cycle of H. armigera in refuges, the 
initial method for stocking the insects in Experiment 1 involved the use of fertile H. armigera eggs 
laid onto cards in the laboratory. 
During the first days of visual sampling from egg cards, it became apparent that a very high mortality 
rate at the egg and early larval instar stages was compromising results obtained using egg cards.  In an 
attempt to bypass the more vulnerable life stages, test plots in Experiment 2 were stocked with second 
instar larvae at rates of 0, 5, 18 and 44 larvae per metre.  These larvae were reared from the same GR 
colony as the egg cards, and raised on meridic diet (Teakle and Jensen, 1985) in 45-well trays. 
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The decision to use larvae also afforded the opportunity to add Calco Oil Red N1700 dye to the diet, 
(to differentiate them from wild larvae).  However, the short period during which larvae were reared 
from neonates to second instar (three days) resulted in larvae only absorbing a small amount of dye 
and they were therefore indistinguishable from non-dyed individuals by the time they had reached 
fourth instar.  As a result, use of the dye was discontinued in subsequent experiments. 
3.2.3. Experiments 1 and 2: 2010-11 season 
For the 2010-11 season, the experimental plot at ACRI Narrabri was planted on the 14th of October 
2010 in two adjacent trapezoidal-shaped blocks of pigeon pea (40 rows by 65-80 metres) and cotton 
(Variety Sicot 71 Roundup Ready Flex®, Monsanto; 40 rows by 80-95 metres).  Rows were planted 
one metre apart.  Within each block 80 one metre test plots were set up on January 5th (Experiment 1) 
and February 17th (Experiment 2) 2011.  Test plots were arranged so that none were closer than five 
metres from the edge of the field, or four metres from each other.  To deter movement of artificially 
introduced larvae through the canopy out of the test plot area, one metre sections of plants were 
cleared both up and down the row of the test metre.  Treatments of stocking rate and trial time were 
randomly assigned to the plots, with ten replicates per treatment.  The canopy impinging upon the test 
metre in adjacent rows was also trimmed.  Prior to stocking, all naturally occurring eggs and larvae 
were removed from plots. 
Observations for the cotton plots and pigeon pea plots were alternated each day (cotton commenced 
one day prior to pigeon pea).  On the day prior to commencing stocking, for each metre plot the 
number of plants, height of plants and number of reproductive parts were recorded.  On day one, egg 
cards were stapled to the abaxial surface of leaves in both pigeon pea and cotton plots with the egg 
side against the leaf.  This reduced the possible effect of adverse weather on hatching success.  Eggs 
were reapplied at the same rate per metre on days three, five and seven.  During the first week of the 
experiment the densities of eggs from natural events were recorded and eggs were removed.  Visual 
inspections for lepidopteran eggs and larvae in the one square metre plots were made every two days 
after stocking over 20 days.  Beatsheeting took place the day before H. armigera was introduced to 
the plots and another two times at ten day intervals.  A second sample of plant characteristics was 
made at day 20.  Pupae digs were conducted at 29 days after the initial application of egg cards in 
Experiment 1.  Pupae were observed until emergence and species and sex recorded. 
Experiment 2 was also split with cotton starting one day (17th February 2011) before pigeon pea (18th 
February 2011).  The larvae were placed onto the test plots by paintbrush on day one.  Larvae were 
deposited on the top third of the canopy, near developing plant vegetative and reproductive parts.  
Impinging branches of plants surrounding the test plots were removed and all eggs and larvae in the 
plots were cleared prior to stocking.  Beatsheet samples were taken on the one square metre of plants 
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south of each plot on day two and again on day 18.  Observations of plant characteristics were also 
made at these times; the same data were collected as described above.  Visual samples of eggs and 
larvae were made every two days over 20 days.  Pupae digs were conducted at 20 days after stocking 
larvae in Experiment 2.  Pupae were observed until emergence and species and sex recorded. 
At the conclusion of observations, plants from each square metre plot, including the zero stock rate, 
were sampled to investigate effects of plant biomass on carrying capacity.  Plants were sampled by 
cutting at the crown using secateurs.  A fresh weight of all plants from each metre plot was taken, and 
then a subset of four random plants taken and weighed.  The subsets were separated into vegetative 
and reproductive parts for each plot.  A final fresh weight was taken, and parts were then deposited 
into paper bags and placed in a drying oven for 48 hours at 45°C.  Dry weights for each sample were 
recorded and data from the subsets were extrapolated for each plot to estimate a weight for the entire 
one square metre plots. 
3.2.4. Experiment 3: 2011-12 season 
In the 2011-12 season there was a substantial increase in the size of the experiment.  Bulk plantings 
were replaced with 36 plots, 12m × 12m.  Pigeon pea and cotton (Sicot 71) were used as the crop 
types.  Within each plot area, an entire 5m × 5m area was stocked with second instar H. armigera 
larvae from the CSIRO GR colony at rates of 0, 5, 18 and 44 larvae per square metre.  As for the 
previous year, all plants in the adjacent one metre up and down the rows of the 5m × 5m stocking area 
were cleared, and foliage along the neighbouring rows trimmed.  Prior to the start of the experiment, 
some of the 5m × 5m stocking plots were shifted slightly (a shielded application of Roundup 
(glyphosate) herbicide resulted in accidental damage to a number of the pigeon pea plots).  A 
lightning strike also damaged one plot of cotton severely, requiring the plot to be re-established from 
a bulk planting adjacent to the trial area. 
This experiment included an insecticide treatment to assess whether reducing the number of predators 
and competing pests had an effect on the carrying capacity of H. armigera in refuges.  The spray was 
a combination of dimethoate (Rogor®) at 0.5L per hectare and diafenthiuron (Pegasus®) at 0.6L per 
hectare, neither of which kill H. armigera or H. punctigera.  The initial spray was applied two days 
prior to stocking, with two further sprays of dimethoate only at 0.5L per hectare at eight day intervals.  
Sampling dates were chosen to avoid entering the field during the 48 hour insecticide withholding 
period.  Diafenthiuron was applied as a prophylactic against mites, which had been observed in 
substantial populations at ACRI.  The implementation of more treatments as well as larger plot sizes 
reduced the number of replicates in this experiment to three per treatment. 
From a 3m × 3m sample area in the centre of each stocking plot, one square metre was randomly 
selected for visual samples, and a separate one square metre was randomly selected for beatsheet 
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samples.  Larvae across all treatments were stocked on 12th January 2012.  Visual counts of eggs and 
larvae were obtained every four days for 16 days.  Three beatsheet samples were conducted over the 
course of the experiment on days 2, 10 and 18 post-stocking.  Pupae digs were carried out at day 20, 
and collected pupae were observed in the laboratory until emergence when their species and sex were 
recorded. 
3.2.5. Experiment 4: 2012-13 season 
The final season 2012-13 did not involve any artificial stocking of H. armigera into refuges.  In this 
way, natural oviposition and larval densities of Helicoverpa spp. were able to be measured.  Eight 
large plots each of 24m × 24m were planted, half cotton and half pigeon pea.  For each crop type, half 
the plots were randomly assigned an insecticide spray treatment of dimethoate at 0.5 litres per hectare.  
Diafenthiuron was not required during this season for control of mites.  The initial spray was applied 
on the day of the first sampling, with two subsequent sprays applied weekly thereafter.  Five visual 
counts of H. armigera were taken from random one square metre areas within each plot at six day 
intervals.  Three beatsheet samples were taken at 12 day intervals. 
3.2.6. Plant characteristics 
For experiments 1 and 2, measurements of plant characteristics, heights of each plant from soil to 
apical tip were obtained and averages calculated.  Total counts across all plants in each pot of squares 
(cotton) or buds (pigeon pea), flowers and fruiting bodies were made.  In pigeon pea, each 
inflorescence (raceme) was counted as one bud until each floret on the inflorescence had finished 
flowering.  Fruit was counted as each boll in cotton and each pod in pigeon pea. 
 
3.3. Statistical analysis 
Plant characteristics were analysed using multivariate analysis of variance (MANOVA) to determine 
if any differences existed between treatments by crop type, stocking rate or insecticide application.  
The effects of crop type and stocking density on oviposition and larval survival were tested using a 
repeated measure analysis of variance (RM ANOVA).  Repeated measures was used to observe the 
effect of each treatment over time, rather than looking at the mortality rates of a single cohort.  
Additional blocking of plots was used in Experiment 4 as multiple observations were made from each 
plot.  A square root transformation of several variables, as shown in Table 3.3, was applied to 
normalise variance.  Biomass (dry weight) was analysed against crop, stocking rate and insecticide 
application using a general analysis of variance (ANOVA) with interaction terms.  Interactions among 
crop type, larval stocking rate and use of insecticides were tested with significant interaction terms 
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investigated using 5% least significant difference.  All statistical analyses were carried out using 
GenStat 16th edition. 
Table 3.3 - Summary of statistical analyses.  ANOVA – analysis of variance, MANOVA – Multivariate analysis 
of variance *(spray added in Experiment 3 only). 
Experiment Data set Transformation Statistical test 
1, 2 and 3 Larval density, 
Oviposition 
Square root General repeated measures 
ANOVA with interaction terms 
(crop, rate, spray*) 
 Pupae digs Square root General ANOVA with 
interaction terms (crop, rate, 
spray*) 
 Plant 
characteristics 
nil MANOVA 
2 Biomass Square root for 
each set, total, 
vegetative and 
fruit 
General ANOVA with 
interaction terms (crop, rate) 
3 Biomass 
- Total 
- Foliage 
- Stems 
- Fruit 
 
nil 
nil 
Square root 
nil 
 
General ANOVA with 
interaction terms (crop, rate, 
spray) 
4 Larval density, 
Oviposition 
Square root General repeated measures 
ANOVA with interaction terms 
(crop, spray), blocked by plot 
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3.4. Results 
3.4.1. Plant characteristics 
There were clear differences in plant characteristics between crop types in Experiments 1 (F=277.96, 
df=1, P<0.001) and 2 (F=147.83, df=1, P=0.000) (Table 3.4).  Cotton was flowering and beginning to 
set fruit in January, and by February had far more fruit developing and was finishing its flowering 
phase.  Pigeon pea was flowering in both January and February, but had more prolific flowering later 
in the season. 
In Experiment 1 initial plant characteristics did not vary between plots of the same crop type which 
were assigned to different stocking rates of H. armigera in cotton (F=0.58, df=3, P=0.881) or pigeon 
pea (F=1.24, df=3, P=0.258).  There were also no significant differences between plots of cotton 
(F=0.73, df=3, P=0.749) or pigeon pea (F=1.02, df=3, P=0.446) in Experiment 2. 
Table 3.4. Differences in plant characteristics for Experiments 1 and 2 when testing cotton against pigeon pea.  
Significant values and the corresponding greater treatment are noted with an asterisk (*). 
Plant 
character Experiment 1(Jan) 
mean ± SE 
Experiment 2 (Feb) 
mean ± SE 
Cotton Pigeon pea Cotton Pigeon pea 
height (cm) (F=558.39, df=1, P<0.001)* 56.0 ± 1.2 96.0 ± 1.2* (F=440.38, df=1, P<0.001)* 64.1 ± 1.3 138.3 ± 3.3* 
plants/m (F=74.96, df=1, P<0.001)* 12.6 ± 0.3* 8.3 ± 0.4 (F=50.77, df=1, P<0.001)* 12.9 ± 0.5* 8.6 ± 0.4 
buds (F=0.05, df=1, P=0.83) 20.2 ± 0.9 19.9 ± 1.3 (F=55.44, df=1, P<0.001)* 11.7 ± 1.0 27.1 ± 1.8* 
flowers (F=35.2, df=1, P<0.001)* 0.6 ± 0.2 11.1 ± 1.8* (F=84.22, df=1, P<0.001)* 0.9 ± 0.2 31.7 ± 3.4* 
fruit (F=108.86, df=1, P<0.001)* 7.2 ± 0.5* 0.9 ± 0.4 (F=12.93, df=1, P<0.001)* 40.3 ± 1.9 61.9 ± 5.7* 
 
3.4.2. Oviposition 
Oviposition preferences of Helicoverpa spp. moths remained consistent even though experiments 
were undertaken at different times during the season and the design and aims of individual 
experiments changed over the three seasons of this research.  More Helicoverpa spp. eggs were 
present on pigeon pea in Experiment 1 (F=20.55, df=10, P<0.001) (Figure 3.1), Experiment 2 
(F=19.09, df=10, P<0.001) (Figure 3.2), and Experiment 4 (F=772.71, df=1, P<0.001) (Figure 3.3).  
Too few eggs were laid in either pigeon pea or cotton during Experiment 3 to conduct robust 
statistical analysis. 
Moth oviposition was not affected by differences in stocking density of H. armigera, with no 
preference observed in either Experiment 1 (F=0.65, df=30, P=0.882) or Experiment 2 (F=0.89, 
df=30, P=0.55).  Similarly, no significant interaction of crop type and stocking rate was observed in 
Experiment 1 (F=0.62, df=30, P=0.913) or Experiment 2 (F=0.93, df=30, P=0.514). 
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Application of insecticide also had no significant effect on the amount of eggs per square metre in 
pigeon pea when investigated in Experiment 4 (F=0.05, df=1, P=0.834), nor was there any significant 
interaction between crop type and insecticide application (F=0.05, df=1, P=0.834).  No eggs were laid 
on cotton in Experiment 4. 
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Figure 3.1. Experiment 1 (Jan 3-30) – mean (± standard error) Helicoverpa spp. oviposition rates in cotton and 
pigeon pea during the observation period, at initial stocking rates of 0, 1, 10 and 100 H. armigera eggs per square 
metre (letters above error bars indicate groups of significantly similar means). 
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Figure 3.2. Experiment 2 (Feb) – mean (± standard error) Helicoverpa spp. eggs in cotton and pigeon pea during 
the observation period at initial stocking rates of 0, 5, 18 and 44 second instar H. armigera larvae per square metre 
(letters above error bars indicate groups of significantly similar means). 
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Figure 3.3. Experiment 4 (Feb) – mean (± standard error) Helicoverpa spp. eggs in cotton and pigeon pea during 
the observation period, with or without an application of insecticide (dimethoate at 0.5L/ha) (letters above error bars 
indicate groups of significantly similar means). 
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Oviposition rates correlated with several plant characteristics across both refuge types in Experiments 
1 and 2.  In Experiment 1 (Jan), a Pearson correlation indicated positive associations between the 
number of Helicoverpa spp. eggs and plant height (r=0.8096, P<0.001) and the number of flowers 
(r=0.0823, P<0.001).  Negative associations were found between the number of eggs and the number 
of plants per square metre (r=-0.6053, P<0.001), as well as the amount of fruit per square metre (r=-
0.6451, P<0.001).  No correlation was found between the number of Helicoverpa spp. eggs and the 
number of flower buds per square metre (r=0.0554, P=0.6257) (Figure 3.4c). 
In Experiment 2 (Feb), a Pearson correlation also indicated positive associations between the number 
of Helicoverpa spp. eggs and; height (r=0.6864, P<0.001), flowers (r=0.3221, P=0.0036), buds 
(r=0.4958, P<0.001) and fruit (r=0.327, P=0.0031).  There was also a negative association between 
the number of eggs and the number of plants per square metre (r=-0.3456, P=0.0017) (Figure 3.5). 
A Pearson correlation did not indicate any associations in cotton or pigeon pea when tested 
independently of each other. 
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Figure 3.4. Experiment 1 – scatter plots of average number of Helicoverpa spp. eggs versus a) plant height, b) 
plants per square metre, c) number of flower buds, d) number of flowers and e) number of fruit. 
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Figure 3.5. Experiment 2 – scatter plots of average number of Helicoverpa spp. eggs versus a) plant height, b) 
plants per square metre, c) number of flower buds, d) number of flowers and e) number of fruit. 
Chapter 3: Effect of larval density on oviposition preference and survival of Helicoverpa armigera 
(Hübner) 
- 50 - 
3.4.3. Larval density 
Larval densities were significantly greater in pigeon pea than cotton when H. armigera were added to 
plots in Experiment 1 (F=13.32, df=10, P<0.001), Experiment 2 (F=23.48, df=10, P<0.001) and 
Experiment 3 (F=42.21, df=4, P<0.001).  When no stocking of H. armigera occurred in Experiment 4, 
higher densities of larvae were still observed in pigeon pea (F=10720.91, df=1, P<0.001).  Plot had no 
effect in Experiment 4 (F=1.98, df=4, P=0.135). 
In each of the experiments where plots were stocked with H. armigera, increasing the initial stocking 
rate significantly increased the density of Helicoverpa spp. larvae observed.  This was true for 
Experiment 1 (F=3.45, df=30, P<0.001), though there was no difference between the zero and one egg 
per square metre treatments.  Larval densities increased with increasing stocking rate in Experiment 2 
(F=119.56, df=30, P<0.001) and Experiment 3 (F=133.63, df=8, P<0.001). 
For Experiment 1 (Jan), significant interaction of crop type and stocking rate was observed (F=2.08, 
df=30, P=0.002).  While more larvae were present in pigeon pea than cotton at the lower three 
stocking rates, larval densities were similar between crop types at the highest stocking rate (Figure 
3.6).  Experiment 2 (Feb) had a similar interaction of crop type and stocking rate (F=5.37, df=30, 
P<0.001), however it was only at the zero stocking rate that pigeon pea did not have significantly 
greater densities of larvae (Figure 3.7).  There was also a significant interaction between crop type 
and stocking rate in Experiment 3 (Jan) (F=2.35, df=8, P=0.041) where larval densities in pigeon pea 
at each rate were equal to cotton stocked at the next higher rate (Figure 3.9). 
Application of insecticide had no significant effect on numbers of larvae in either Experiment 3 
(F=0.8, df=4, P=0.493, Figure 3.8) or Experiment 4 (Feb) (F=1.12, df=1, P=0.302). 
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Figure 3.6. Experiment 1 (Jan) – mean (± standard error) Helicoverpa spp. larvae in cotton and pigeon pea 
during the observation period, at initial stocking rates of 0, 1, 10 and 100 H. armigera eggs per square metre (letters 
above error bars indicate groups of significantly similar means). 
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Figure 3.7. Experiment 2 (Feb) – mean (± standard error) Helicoverpa spp. larvae in cotton and pigeon pea 
during the observation period at initial stocking rates of 0, 5, 18 and 44 second instar H. armigera larvae per square 
metre (letters above error bars indicate groups of significantly similar means). 
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Figure 3.8. Experiment 3 (Jan) – mean (± standard error) Helicoverpa spp. larvae in cotton and pigeon pea, at 
initial stocking rates of 0, 10 and 50 second instar H. armigera larvae per square metre, and with or without an 
application of insecticide (dimethoate at 0.5L/ha and diafenthiuron at 0.6L/ha) (letters above error bars indicate 
groups of significantly similar means). 
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Figure 3.9. Experiment 4 (Feb) – mean (± standard error) Helicoverpa spp. larvae in cotton and pigeon pea, with 
or without an application of insecticide (dimethoate at 0.5L/ha) (letters above error bars indicate groups of 
significantly similar means). 
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The effect that crop type had on biomass was inconsistent.  In Experiment 2 (undertaken in February) 
both total (F=22.35, df=1, P<0.001, Figure 3.10a) and vegetative biomass (F=27.57, df=1, P<0.001, 
Figure 3.10b) were significantly greater in pigeon pea than cotton, while in Experiment 3 (undertaken 
in January) crop type had no effect on the total (F=0.29, df=1, P=0.593, Figure 3.11a) and foliar 
biomass (F=2.11, df=1, P=0.159, Figure 3.11b), but did affect stem biomass (F=5.67, df=1, P=0.026, 
Figure 3.11c) per metre of plants.  Additionally, the biomass of fruit was not significantly affected by 
crop in Experiment 2 (F=0, df=1, P=0.992, Figure 3.10c), but was significantly greater for cotton than 
pigeon pea in Experiment 3 (F=67.1, df=1, P<0.001, Figure 3.11d).  As cotton and pigeon pea are 
markedly different species, the effect of crop type was not considered important on its own but was 
included in the model to elucidate any interaction effects. 
Stocking rate of larvae had no significant effect on total (F=1.01, df=3, P=0.414), vegetative (F=0.6, 
df=3, P=0.623) or fruit (F=1.25, df=3, P=0.325) biomass in Experiment 2 (Figure 3.10).  There was 
also no effect on total (F=0.15, df=2, P=0.865), foliar (F=0.18, df=2, P=0.839) or stem (F=1.2, df=2, 
P=0.318) biomass in Experiment 3 – fruit was the only plant part to be affected by larval stocking rate 
(F=3.63, df=2, P=0.042), with reduced biomass of fruit in plots stocked at the highest rate (Figure 
3.11). 
Application of insecticide in Experiment 3 had no effect on total (F=1.31, df=1, P=0.264), foliar 
(F=0.95, df=1, P=0.339), stem (F=0.94, df=1, P=0.343) or fruit (F=1.47, df=1, P=0.237) biomass. 
Although there was no effect of application of insecticidal spray on biomass, there were interaction 
effects between insecticide application and stocking rate, and insecticide application and crop type.  
Although there was no effect of spray at the stocking rates of 0 and 50 larvae per metre, application of 
an insecticide spray at the 10 larvae per metre stocking rate resulted in a significantly larger total 
biomass (F=4.98, df=2, P=0.016, Figure 3.11a) but reduced foliar (F=4.09, df=2, P=0.03, Figure 
3.11b) and stem (F=5.11, df=2, P=0.014, Figure 3.11c) biomass.  Additionally, while insecticide had 
no significant effect on fruit biomass in pigeon pea, unsprayed cotton had significantly larger fruit 
biomass than sprayed cotton (F=4.75, df=1, P=0.039, Figure 3.11d). 
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Figure 3.10. Experiment 2 (sampled Feb 20) – mean (± standard error) a) total, b) vegetative and c) fruit biomass 
(dry weights) at initial stocking rates of 0, 5, 18 and 44 second instar H. armigera larvae per square metre (letters 
above error bars indicate groups of significantly similar means). 
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Figure 3.11. Experiment 3 (Sampled Jan 30) – mean (± standard error) a) total, b) foliage, c) stem and d) fruit 
dry weight biomass of cotton and pigeon pea under insecticide sprayed and unsprayed treatments, three weeks after 
stocking at rates of 0, 10 and 50 second instar H. armigera larvae per square metre (letters above error bars indicate 
groups of significantly similar means). 
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3.4.4. Pupae 
Crop type was a significant factor for pupae production in Experiment 1 (F=4.25, df=1, P=0.043), 
Experiment 2 (F=319.37, df=1, P<0.001) and Experiment 3 (F=40.41, df=1, P<0.001) with more 
pupae found in pigeon pea plots each season. 
Although the rate at which H. armigera was stocked in plots had no effect on production of pupae in 
Experiment 1 (F=0.75, df=3, P=0.525) (Figure 3.12), increasing the stocking rate of larvae increased 
production of pupae in both Experiment 2 (F=7.39, df=3, P<0.001) and Experiment 3 (F=4.29, df=2, 
P=0.026).  However, for Experiment 2 when crop type and stocking rate were analysed together, more 
pupae were produced in the 5, 18 and 44 larvae per square metre stock rates than the zero rate in 
pigeon pea (F=3.72, df=3, P=0.015) (Figure 3.13). 
The application of insecticidal spray was incorporated for Experiment 3, but had no effect on the 
number of pupae produced (F=0.52, df=1, P=0.479).  There was, however a significant interaction 
between crop, stocking rate and insecticide use in 2012 (F=3.69, df=2, P=0.04) (Figure 3.14).  No 
data were recorded for Experiment 4 (as no pupae digs were conducted). 
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Figure 3.12. Experiment 1 (Jan) – mean (± standard error) Helicoverpa spp. pupae in cotton pigeon pea at initial 
stocking rates of 0, 1, 10 and 100 second instar H. armigera eggs per square metre (letters above error bars indicate 
groups of significantly similar means). 
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Figure 3.13. Experiment 2 (Feb) – mean (± standard error) Helicoverpa spp. pupae in cotton pigeon pea at initial 
stocking rates of 0, 5, 18 and 44 second instar H. armigera larvae per square metre. 
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Figure 3.14. Experiment 3 (Jan) – mean (± standard error) Helicoverpa spp. pupae counts, at 0, 10 and 50 second 
instar H. armigera larvae per square metre stocking rate, in cotton and pigeon pea with or without application of an 
insecticidal spray (dimethoate at 0.5L/ha and diafenthiuron at 0.6L/ha). 
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3.5. Discussion 
Season had a substantial effect on many of the results in this series of experiments, including plant 
characteristics, oviposition rates, and survival.  The differing phenology of cotton and pigeon pea 
plants meant that the crops varied in their height, and the amount of flowers and fruit present.  This in 
turn meant that oviposition preference and larval performance on each crop varied both within and 
between seasons.  This makes broad comparison of cotton and pigeon pea more difficult, and it is 
more appropriate to compare each refuge type by time of season, for example, early season pigeon 
pea, or late season cotton. 
3.5.1. Carrying capacity 
These results indicate that at the stocking rates tested, we did not find the crops’ carrying capacity. 
Although the experiments experienced high mortality, increasing the stocking rate increased the total 
number of larvae (and pupae) produced from the crop. 
Multiple factors contributed to difficulties in determining carrying capacity (the maximum density at 
which H. armigera could exist on host plants).  The aim of the experiment was to introduce increasing 
larval densities of H. armigera, with the anticipation that larval populations would reach a level where 
higher larval densities would not increase the population observed, but plateau at the carrying 
capacity; or that high larval densities would lead to insufficient food resources, increased predation or 
disease, causing the population crash (Figure 3.15). 
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Figure 3.15. Theoretical density dependence survival curves. 
In order to best determine carrying capacity, varying stocking densities of larvae would need to be 
observed under field conditions.  A more conclusive answer would be achieved if a larger range of 
densities were used; however, practical limitations meant that the experiments conducted included 
only three to four stocking rates.  The possibility exists that the highest stocking densities in these 
experiments were insufficient to observe any density-dependent effects.  It might also be that the 
highest densities did reach the plateau of maximum carrying capacity, though without more data from 
even higher larval densities, it was impossible to demonstrate this effect. 
Despite high mortality when host plants were stocked with eggs in Experiment 1, which was 
undertaken in January, larval survival still increased with stocking density, though no upper limit on 
survival was observed.  The data have a higher variance than that of the other experiments in this 
Chapter and while no difference in pupal numbers was observed with increasing egg densities, this 
should not be interpreted as having reached carrying capacity. 
Larval survival from Experiment 2, which was undertaken in February showed significant increases in 
survival on cotton and pigeon pea with each increase in larval stocking density.  It should not be 
assumed that carrying capacity was attained.  However, when pupal densities are considered, the 
initial stocking densities of 5, 18 and 44 larvae per square metre in pigeon pea all had significantly 
similar results.  This indicated that a carrying capacity was reached, as adding more larvae to the 
system did not increase the number observed beyond 3.2-4.5 pupae per square metre, although this 
density is less than some densities observed in pigeon pea refuges from 1996-2003 (Baker et al., 
2008).  The number of pupae in cotton also plateaued with increasing stocking density, though at 
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almost 0 pupae per square metre, which is unlikely to be a true indication of the potential carrying 
capacity of cotton. 
Experiment 3 gave no indication of reaching a carrying capacity.  Increasing stocking rates of larvae 
resulted in significantly more larvae surviving per metre within either crop type.  The resultant pupae, 
however, showed diminishing returns with increased stocking densities.  Increasing the stocking rate 
from 10 to 50 larvae per square metre gave no significant increase in the number of pupae produced.  
For cotton, this would mean a carrying capacity of less than 0.5 pupae per metre, which again, is not 
likely to be truly indicative of maximum production.  Pigeon pea produced similar results to 
Experiment 2, with maximum production of 3.1-5.4 pupae per square metre.  These carrying 
capacities depend on each square metre test plot being a sealed environment, and are potentially better 
explained by dispersal of larvae out of the test plots at later instars. 
3.5.2. Oviposition 
This study provides substantial evidence to support pigeon pea as being more attractive for 
oviposition by Helicoverpa spp. than cotton cultivars.  With the exception of the 2012 season 
(Experiment 3) when oviposition rates were extremely low across all crop types, significantly more 
eggs were present on pigeon pea than cotton in each experiment conducted.  Similar results showing 
strong oviposition preference for pigeon pea have been reported in other studies (Baker et al., 2008; 
Rajapakse and Walter, 2007).  There are a number of factors relating to the different morphology of 
cotton and pigeon pea which support this finding.  Taller plants are more attractive for Helicoverpa 
spp. oviposition (Firempong and Zalucki, 1990), and the growth habit of pigeon pea is significantly 
taller than that of cotton, as was the case with this study, where a positive correlation of plant height 
and number of eggs was found.  The other main factor believed to contribute to an oviposition 
preference for pigeon pea over cotton is its abundant flowering.  The presence of flowers has long 
been known to be a factor increasing attractiveness for oviposition by Helicoverpa spp. (Firempong 
and Zalucki, 1990; Parsons, 1940), as was the case in this study, with higher oviposition rates 
correlating significantly with the presence of more flowers.  Well-managed pigeon pea will flower 
prolifically and be a good refuge crop, but if managed poorly, pigeon pea may not flower and will be 
a poor refuge crop. 
The oviposition preference observed for plots with fewer plants per square metre is difficult to 
explain.  Though probably not the causal factor in selection of a host for oviposition by Helicoverpa 
spp., it warrants further investigation.  Planting at lower densities would affect plant characteristics 
such as increased height which in turn increases oviposition preference. 
While adult moths prefer flowering plants for oviposition, these may not be ideal hosts for larvae 
which feed on other parts of the plant.  H. armigera do not have an oviposition preference for plants 
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which will be better hosts for their offspring larvae (Jallow and Zalucki, 2003; Jallow et al., 2001).  
However, other research has found larvae generated from moths feeding on, and subsequently 
ovipositing near flowers, are more fecund than those which did not have exposure to flowers (Liu et 
al., 2010).  Additionally, oviposition host choice may not be entirely based on an adult foraging host, 
or what will be the best food for offspring.  Although feeding on foliage with higher water and 
nitrogen content can result in fitter larvae for the noctuid Lophocerarnica pyrrha, adults will 
preferentially oviposit on a less nutritious host because it offers better shelter for developing larvae 
(Castillo-Lopez et al., 2010). 
The results from this study were inconsistent, finding both significant negative and positive 
correlations between oviposition rates and amount of fruit present on plants.  Fruit is a nutritious food 
source for Helicoverpa spp. larvae, particularly at later instars, but abundance of fruit as a determining 
factor in oviposition preference of adult moths is unlikely.  The difference in phenology of the two 
crop types may have played a role in these inconsistencies.  The timing of flowering and fruiting of a 
crop relative to the other may have reduced oviposition in what was an attractive crop.  For example, 
in February, cotton was typically fruiting while pigeon pea was still flowering.  This difference 
potentially meant an overwhelming preference for flowering pigeon pea, making it harder to assess 
preferences within cotton. 
While the results from this study support flowering and height as significant factors in oviposition 
preference when comparing cotton with pigeon pea, there is the issue of causality to be considered 
when analysing correlations.  It is clear that moths are attracted to pigeon pea over cotton.  
Subsequently all plant characteristics where cotton and pigeon pea differ will appear to be significant 
in determining oviposition preference, though they may not necessarily be causal factors.  Causality 
could better be determined by examining each crop independently.  The correlations which were 
carried out within each crop type revealed no significant effects of any of the plant characteristics 
measured.  This is not to say that the characteristics are not important factors influencing oviposition 
preference, as the design of the experiment was to compare between crop types, not within.  A future 
experiment in which plant characteristics including height, planting density, number of buds, flowers 
and fruit are manipulated consistently in plots of either cotton or pigeon pea would allow a more 
thorough examination of the effect that plant morphology has on oviposition preference. 
The rates at which pigeon pea and cotton were stocked with H. armigera had no effect on the 
attractiveness of either crop type to Helicoverpa spp. for oviposition.  That is, the relative abundance 
of larvae, which was significantly different between stocking rates, had no effect on oviposition 
preference of Helicoverpa spp.  This result is inconsistent with the findings of Firempong and Zalucki 
(1991), where the presence of larvae and larval frass resulted in reduced oviposition rates. 
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Previous work has found that the use of sub-lethal rates of insecticide (cypermethrin and endosulfan) 
results in an increase in H. armigera oviposition rates in cotton (Hari and Mahal, 2008), albeit 
indirectly by altering plant morphology, making them more attractive.  No such effect on oviposition 
rates was found in this study.  The application of insecticide (dimethoate) had no effect on the 
oviposition preference of Helicoverpa spp. in either cotton or pigeon pea.  Although H. armigera uses 
olfactory cues when selecting an oviposition host (Jallow et al., 1999), unless the chemical applied to 
plants is a moth attractant such as Magnet™ (which has been shown to increase oviposition rates in 
cotton (Addison, 2010)), the potential for insecticide to increase oviposition rates is less likely to 
come from altering plant morphology or influencing olfactory cues, and more likely to come from 
manipulating the invertebrate community within the crop, to be further discussed in Chapter 4. 
3.5.3. Survival 
In addition to being attractive for oviposition, a refuge crop should also be a suitable host for the 
development through the juvenile stages of Helicoverpa spp.  To maximise the production of Bt-
susceptible moths from refuges, mortality should be low, development rapid, pupae large and adults 
fecund and long lived.  The complex relationship of host species, plant condition, invertebrate 
interactions, weather, irrigation and nitrogen application all factor into the performance of an insect. 
Mortality of H. armigera is very high during the egg and initial larval instar stages (Kumar et al., 
2009).  Mortality at the first instar stage has been recorded at levels of up to 93-100% on cotton, with 
the highest mortality (attributed to factors including wind, rain and aerial predators) occurring during 
the first day of egg and first instar stages (Kyi et al., 1991).  Such high mortality was observed in 
these trials and invalidated the initial experimental methodology requiring second instar larvae to be 
used instead of eggs.  The use of second instar larvae bypassed the stages in the lifecycle of H. 
armigera where a more thorough understanding of mortality is needed.  The causes of mortality in H. 
armigera are currently not well understood (Zalucki et al., 2002).  Further research into the causes of 
mortality at the egg and early instar stages would allow strategies to be developed to achieve 
maximum survival through egg and first instar and hence maximise production of Bt-susceptible 
Helicoverpa spp. moths from refuges. 
Each experiment conducted over the three seasons in this study found distinct effects of plant host on 
the performance of H. armigera.  Both larvae and pupae counts were consistently greater in pigeon 
pea than cotton.  These findings are consistent with the Australian cotton industry’s current 
recommendation of pigeon pea as the more productive refuge option for Helicoverpa spp.  Pigeon pea 
was also more than twice as productive as unsprayed cotton, validating the mandate that pigeon pea 
refuges are only required to be half the size of unsprayed cotton refuges. 
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Insecticide treatments were incorporated into the latter two experiments.  Application of insecticide 
had no effect on survival of H. armigera in either cotton or pigeon pea.  As the chemicals applied are 
not lethal to Helicoverpa spp., this is to be expected.  It was for their lethality to a wide range of other 
invertebrates that they were chosen, in the anticipation that removal of predators and competing 
insects would increase survival of H. armigera.  There is, however, a possibility that insecticide use 
may have caused a degree of mortality in H. armigera that was offset by reduced predation, and 
therefore had no net effect on the population.  While this masking of two effects is a possibility, 
dimethoate has previously been found to effectively halve the natural enemy population in mungbeans 
(Vigna radiata) and as a result increase the population of H. armigera (Knight et al., 2007).  In 
Experiment 3, insecticide use had a significant effect on the production of pupae in pigeon pea 
stocked at the highest rate (44 larvae per square metre).  This is the only instance where application of 
insecticide had any effect on larval density or production.  The finding suggests that it is only when 
density of H. armigera is at its highest, facilitating predation (reduced search time) and with resources 
most limiting, that application of insecticide is of any benefit in increasing production in refuges. 
The effect of insecticide application on the invertebrate community in refuges is explored in Chapter 
4. 
3.5.4. Biomass 
Pigeon pea typically has more fruit per square metre than cotton, though total fruit biomass per metre 
square is less than cotton.  Pigeon pea would allow more larvae to feed on fruit without having to 
share the space or the fruit.  However, cotton has the benefit of enemy free space within cotton bolls 
that pigeon pea beans do not provide.  The larger total biomass and size of pigeon pea would increase 
the search time required for predators to locate Helicoverpa spp. and hence make it easier to avoid 
predation in pigeon pea compared to cotton. 
Stocking at the rate of 50 larvae per square metre caused a significant reduction in fruit biomass when 
compared with lower densities.  This suggests a potential Helicoverpa spp. population crash by means 
of running out of food.  If this stocking rate was sufficient to reduce the biomass of fruit in one 
generation, it is likely that the plant could not grow sufficiently to provide adequate food for larvae at 
this density. 
While there was no significant increase in larvae on cotton with the application of insecticide, 
unsprayed cotton had significantly larger fruit biomass than sprayed cotton.  This might suggest that 
spraying sufficiently suppressed beneficial populations which subsequently enabled Helicoverpa spp. 
to consume more fruit in cotton. 
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Additionally, reduction in biomass from feeding damage by a pest can reduce the survival of pests 
later in the season by exploitative competition (Branson, 2010), though this has not been tested in H. 
armigera.  Further research into the longer term effects of high Helicoverpa spp. larval densities on 
their host plants would be of benefit in determining the density that refuges can sustain before 
becoming ineffective. 
3.5.5. Experimental constraints 
Several modifications in the design of the experiments were necessary to make its undertaking 
feasible within the constraints of available land area, time and cost.  Ideally, the size of refuges would 
have been larger to more accurately represent commercial refuge crops.  Placement of the two refuge 
types adjacent to each other was not an accurate representation of how refuges would typically 
perform.  The overwhelming oviposition preference for pigeon pea potentially reduced the number of 
eggs laid in cotton.  The experiments sought to compare the preference of cotton or pigeon pea against 
a Bt cotton crop, but the proximity of the plots meant that oviposition preference was a choice 
between cotton and pigeon pea.  Had cotton been tested for Helicoverpa spp. oviposition preference in 
the absence of pigeon pea, it would have likely had more eggs laid upon it than in these experiments. 
Keeping track of larvae in the field was a continuing problem in Experiments 1 and 2 when H. 
armigera eggs and larvae were stocked in the field.  Although the varied stocking rates used in these 
experiments resulted in differences in larval densities, this did not always result in more pupae for the 
higher stocking rates, which indicates that dispersal and cannibalism was greater at the final instars, 
when competition for resources was greater.  The propensity for H. armigera larvae to disperse at 
high densities, as well as cannibalism of eggs and larvae, provided a challenge in maintaining high 
densities of larvae under field conditions (Kakimoto et al., 2003; Sigsgaard et al., 2002).  This 
situation was dealt with in two ways, which while potentially reducing dispersal of larvae, did not 
cause disruption to the movement of other invertebrates through the plot that would have occurred had 
cages been used (experiments investigating the relationship between larvae and their host plants 
excluded from other invertebrates were undertaken in glasshouse studies and are described in Chapter 
5).  Neighbouring vegetation was removed to discourage movement of larvae through the canopy of 
plants.  Experiment 3 also involved stocking H. armigera over larger areas of crop so that only those 
larvae on the edge of the stocking area would have the opportunity to move to plants with lower 
densities of larvae.  Larvae at the centre of the plot, where observations were made, would not have 
dispersed as easily.  However, as previously mentioned, tracking larvae under field conditions was not 
feasible.  While efforts were made to reduce the likelihood of stocked larvae moving out of test plots, 
the possibility still existed that larvae simply moved away.  Dispersal, while a problem in Experiment 
3 which attempted to achieve a sufficiently high larval density so as to cause a population crash, could 
be considered as H. armigera determining its own carrying capacity.  A plateau in the number of 
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larvae and pupae observed as stocking densities increased would have indicated that such a carrying 
capacity had been reached.  Unfortunately, such a limit was not observed in this set of experiments. 
The issue of cannibalism was harder to resolve.  Observation and measurement of the behaviour is 
necessary in determining if it is a limiting factor of population density of H. armigera.  Unfortunately, 
tracking and determining the cause of mortality of each larva was not feasible. 
While the design was sufficient for measuring the capability of artificially introduced H. armigera 
larvae to survive under multiple varying factors, it could not assess the effects of those same factors 
on oviposition rates. 
Firstly, measures of oviposition rates required adult Helicoverpa spp. moths to be present and laying 
for the duration of the observation period, and this did not occur during the 2011-12 season.  While 
moths could be reared in high numbers in the laboratory, mated and released into the field, this would 
still not ensure that the released moths would lay eggs in experimental plots and instead they might 
have flown some distance away before ovipositing. 
Secondly, the system that the experiments attempted to replicate was a Bt cotton crop alongside a 
refuge of cotton or pigeon pea.  In this way, the attractiveness of either refuge type would be tested 
independently against a crop of Bt cotton.  The reality, however, more likely served to compare 
pigeon pea and cotton directly, and hence cotton attracted less oviposition than it might otherwise 
have, had it been tested in an area where pigeon pea would not interfere with host selection 
preferences between it and Bt cotton. 
3.6. Conclusion 
The research in this chapter was carried out in an attempt to determine the upper carrying capacity of 
the current Australian Bt cotton refuge options of cotton and pigeon pea and whether this differed 
between refuge options. 
Refuge crops, particularly pigeon pea, are highly variable in their attractiveness and ability to sustain 
larval populations.  A clear oviposition preference was demonstrated for pigeon pea over cotton, as 
has been reported in a number of studies.  Larval densities were also much higher in pigeon pea.  
However, determining maximum carrying capacities for cotton and pigeon pea proved to be 
problematic.  It is clear that cotton has a much lower carrying capacity than pigeon pea.  Across the 
three seasons and four experiments, cotton failed to produce more than one pupa per square metre, 
while pigeon pea produced up to five times more pupae per square metre. 
Pigeon pea is substantially more attractive for oviposition than cotton, but that is not solely why 
pigeon pea was a more productive plant host.  When stocked with second instar larvae at varying rates 
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equal to pigeon pea, cotton still produced fewer pupae.  Even if cotton was able to achieve oviposition 
densities at the level of pigeon pea, the relative abundance of Helicoverpa spp. eggs, all surviving to 
second instar, had a higher mortality in cotton than pigeon pea. 
While well-managed pigeon pea exceeds the capabilities of cotton to attract moths for oviposition and 
support the development of larvae, there exist barriers to its optimal use in refuges which are further 
discussed in Chapter 7.  Optimally grown pigeon pea is likely to be the best choice for refuges in 
maximising moth production. 
This chapter also explored using insecticides to manipulate invertebrate communities in refuges so as 
to increase Helicoverpa spp. densities by reducing predation and competition and determined that 
insecticide use did not enhance the production of Helicoverpa spp.  The most limiting factor in 
achieving higher Helicoverpa spp. carrying capacities is likely to be intraspecific competition.  Even 
if all predators were removed from the system and plants grown to their best, Helicoverpa spp. would 
still have to contend with conspecifics for food and space. 
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Chapter 4: Effects of Helicoverpa armigera (Hübner) 
larval density and insecticide application on 
invertebrate communities of non-Bt cotton and pigeon 
pea refuges 
4.1. Introduction 
Refuges produce susceptible Helicoverpa spp. to delay the development of resistance in Bt cotton 
crops, though this is not their only function.  Refuges are also a source of beneficial invertebrates 
(hereafter “beneficials”), which can move into Bt crops and prey on and parasitise any surviving Bt 
resistant Helicoverpa spp.  Beneficials have the potential to limit the production of Helicoverpa spp. 
from refuges as top-down pressure from higher trophic levels.  Competition from conspecifics, as well 
as interspecific herbivores might also impact upon refuge effectiveness.  In addition, cannibalism in 
Helicoverpa armigera (Hübner) increases at higher densities (Kakimoto et al., 2003; Sigsgaard et al., 
2002), but the effects of increasing larval densities on the wider invertebrate community have not 
been researched. 
Predators and parasitoids aggregate in areas of higher prey density (Hassell and May, 1974), although 
potentially predators may interfere with each other, limiting the effectiveness of predators at higher 
prey densities (Hassell et al., 1976).  Once you have even a three species system consisting of 
predators and prey, the effect of predators on the density of the prey can be chaotic and is difficult to 
predict (Tanabe and Namba, 2005; van der Meer, 2006; Xiao et al., 2002).  For example, although two 
coccinellid predators of H. armigera eggs (Harmonia octomaculata (Fabricius) and Coelophora 
inaequalis (Fabricius)) increased their consumption with increased density, an increase in Ha. 
octomaculata density did not result in increased egg consumption at higher prey densities, although an 
increase in C. inequalis density did show increased egg consumption (Mansfield and Lawrence, 
2002).  Thus predators may not be so effective at managing prey populations under field conditions. 
As Bt cotton refuges are not sprayed with insecticides, pest species including sap-feeders and chewing 
herbivores are typically present (Lawrence et al., 2007).  The presence of such insects may limit 
populations of Helicoverpa spp. through competition for the same food resources, although they 
might also be of benefit to Helicoverpa spp.  For example, the chewing herbivore Pieris brassicae 
(Linnaeus) was aided by the sap feeding Brevicoryne brassicae (Linnaeus) by mitigating the induced 
defenses of the plant Brassica oleracea (Soler et al., 2012). 
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The interactions that Helicoverpa spp. have with other invertebrates could be allayed with the 
implementation of insecticides to which Helicoverpa spp. are resistant.  This has the potential to 
reduce predator abundance without affecting Helicoverpa spp. in refuges.  However, manipulating 
predators has had limited success in the past on cotton.  For instance, removing predators by exclusion 
cages did not increase H. armigera densities in cotton (van den Berg and Cock, 1995).  In cropped 
sorghum, spraying refuges of pigeon pea with insecticide allowed for a significant increase in the 
number of H. armigera eggs per plant, but had no effect on the number of larvae, even with a 
significant reduction in predator abundance (Sigsgaard and Ersboll, 1999). 
The aim of this study was to investigate the effect that increasing H. armigera densities had on the 
broader invertebrate community in Bt cotton refuges.  In particular, the aim was to identify how 
higher Helicoverpa spp. densities influenced populations of predators and interspecific competitors, 
and if refuge species composition, including Helicoverpa spp. density, could be manipulated through 
the use of insecticides. 
4.2. Materials and methods 
The complete set up of the following experiments is detailed in Chapter 3.  Application of insecticide 
was included in Experiments 3 and 4.  Methods specific to each experiment are summarised in Table 
4.1.  Experiments 1 and 2 were completed in January and February 2011 respectively.  In Experiment 
1, beatsheet samples were taken a day before H. armigera was introduced to the plots and twice more 
at 10 day intervals.  For Experiment 2, beatsheet samples were taken one square metre along the crop 
row south of each plot on day 2 and again on day 18.  Experiment 3 was completed in 2012.  From a 
total 3m by 3m sample area in the centre of each stocking plot, a one square metre was randomly 
selected for beatsheet samples.  Three beatsheet samples were conducted over the course of the 
experiment on days 2, 10 and 18 post-stocking.  Experiment 4 was completed in 2013, and three 
beatsheet samples were taken at 12 day intervals.  The environmental variable ‘position in field’ was 
comprised of two measurements; ‘distance across field’ and ‘distance from top of field’.  The former 
orders samples by crop row from west to east, while the latter orders samples from the head ditch / 
irrigation channel to the tail drain.  An additional variable ‘glyphosate damage’ was assigned to plots 
according to the degree of damage incurred.  Scores were; 0 for no damage, 1 for damage to edge of 
plot, and 2 for damage to the inner rows of plots (some pigeon pea plots in Experiment 3 were 
accidentally damaged with drift of glyphosate herbicide spray). 
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Table 4.1. Summary of sampling for each experiment. 
 Experiment 1 Experiment 2 Experiment 3 Experiment 4 
Season 2011 January 2011 February 2012 2013 
Number of samples 3 2 3 3 
Frequency (days) 10 16 8 12 
Environmental 
variables 
Crop 
Stock rate 
Position in field 
Sample date 
Crop 
Stock rate 
Position in field 
Sample date 
Crop 
Stock rate 
Insecticide 
Position in field 
Glyphosate damage 
Sample date 
Crop 
Insecticide 
Position in field 
Sample date 
 
As beatsheets were conducted in the field species groups were identified by one observer.  While 
many invertebrates could be classified to species, it was only possible to identify others to family.  
Rarer groups were only identified to order (Table 4.2). 
4.2.1. Statistical analysis 
As a result of occasional, very high numbers of aphids and thrips, these animals were excluded from 
each ordination to avoid undue weighting in analyses. 
Detrended correspondence analysis (DCA) was implemented to identify if any samples formed 
clusters based on the similarities between their invertebrate communities. 
Direct canonical correspondence analyses (CCA) was used to examine the relationship between 
environmental variables and the invertebrate communities in the samples.  The CCAs did not require 
detrending as no arch effect was apparent after superfluous environmental variables were dropped 
(Jongman et al., 1995; Lepš and Šmilauer, 2003; ter Braak and Smilauer, 1998).  Each CCA was 
conducted using Canoco 4.5 (Biometris – Plant Research International).  The first set of CCAs 
examined the relationship between species composition and the environmental variables of crop type 
and time.  Subsequent analyses looked at invertebrate communities of cotton and pigeon pea 
separately.  The environmental variables included sample date, stocking rate of H. armigera, 
insecticide application, plot position in field, and glyphosate damage to plot, depending on the 
experiment.  As the presence of H. armigera was manipulated in Experiments 1, 2 and 3, the species 
variable ‘Helicoverpa spp. larvae’ was made supplementary in those CCAs.  In this way, its presence 
would not influence the ordinations, but relationships with Helicoverpa spp. could still be observed. 
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To identify which species most strongly contributed to the CCA ordination diagrams, the species fit 
(percentage variability in species values explained by the first two ordination axes) and species weight 
(abundances of species across all samples) for each species were calculated.  In CCAs examining 
associations of species with crop type and time, species were included if their species fit and species 
weight ranged between 10 and 100% for both criteria.  A broader range of 5 to 100% was used in 
CCAs focusing on environmental variables within crop type.  
Finally, for each crop type in all experiments, redundancy analyses (RDAs) were performed to test if 
stocking rate of H. armigera, application of insecticide, or their combination had a significant effect 
on the invertebrate community over the course of the study.  Environmental variables which had a 
substantial association with species composition but were not relevant, such as position of plot in 
field, were included as covariables.  If the RDA was significant, a principal response curve (PRC) was 
calculated along with the associated species scores.  A PRC is a multivariate technique derived from 
the RDA which is used to examine treatment effects relative to a standard (in these cases, the un-
manipulated blocks) by highlighting the proportion of variance attributable to treatments (in these 
cases, stocking rate and /or insecticide application) throughout the sampling period. Species scores 
indicate the relative importance of different species in influencing the PRC.  Only the first RDA axis 
was used to determine the best fitting species by using a threshold of ‘6’ for the ‘lower axis minimum 
fit’ option in Canoco. 
The significance of environmental variables in modifying the invertebrate community was assessed 
with a Monte Carlo test using Canoco 4.5.  Because multiple sampling occurred within plots in 
Experiment 4, blocks were defined by plot number in calculating the significance of treatments on 
community composition.  A modified Bonferroni analysis (Haccou and Meelis, 1992) where P-values 
are tested against increasingly smaller alpha values, was used to avoid Type 1 errors resulting from 
repeated tests in the RDA/PRC analyses. 
4.3. Results 
Overall, 59 species groups were collected; 54 from cotton plots, and 53 from pigeon pea plots.  Of 
these, the most common species groups were unidentified beetles (Coleoptera), H. armigera larvae, 
and unidentified spiders (Araneae) (Table 4.2).  Similar groups were observed over the course of the 
four experiments, though their abundance and associations with the environmental variables were not 
always consistent. 
The DCAs indicated a strong difference between communities in cotton and pigeon pea as well as 
how those associations changed over time (Figure 4.1). In particular, experiments conducted in 
February seem to indicate stronger differences between pigeon pea and cotton communities than those 
Chapter 4: Effects of Helicoverpa armigera (Hübner) larval density and insecticide application on 
invertebrate communities of non-Bt cotton and pigeon pea refuges 
- 74 - 
undertaken in January.  No clustering of samples according to stock rate or insecticide application was 
observed in any of the experiments. 
In Experiment 1, the DCA explained 20.6% of species variance, 11.7% of which was explained by the 
first axis.  Samples were not clearly defined by crop type, and pigeon pea samples were distributed 
across both axes more than cotton samples.  Later in the same growing season in Experiment 2, 
samples were clearly grouped by crop type.  The DCA for Experiment 2 explained 19.8% of species 
variance, 12.0% of which was explained by the first axis. 
There was a distinct outlying sample in Experiment 3, circled in Figure 4.1 ‘DCA – Experiment 3 
(raw)’ which distorted the ordination.  A close inspection of this sample revealed the presence of 
several Helicoverpa spp. adults, which were not represented in any other sample.  As a result, ‘adult 
Helicoverpa spp.’ was deleted from the DCA and all subsequent analyses completed for Experiment 3 
pigeon pea.  The DCA for Experiment 3 explained 10.9% of species variance, 6.2% of which was 
explained by the first axis.  The distribution of samples was not split according to crop type. 
The DCA in Experiment 4 explained 16.2% of species variance, 10.0% of which was explained by the 
first axis.  Samples were clustered into groups of cotton and pigeon pea, though samples from sprayed 
plots were interspersed with samples from unsprayed plots. 
Compared with Experiments 1 and 3, which were conducted earlier in the growing season, samples of 
cotton and pigeon pea in Experiments 2 and 4 were much more distinct, indicating that the 
invertebrate communities of cotton and pigeon pea were more similar earlier in the growing season 
and diverged as the crops matured.  The other noticeable pattern is that pigeon pea communities vary 
more than those of cotton, particularly early in the season. 
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Table 4.2. Invertebrates observed in beatsheets across Experiments 1-4.  The corresponding label used in the 
ordination graphs are listed under ‘Graph label’.  The total number of samples in each experiment is listed in 
parentheses under its corresponding experiment number. 
Order Scientific name Common name 
Beneficial 
/ pest 
Graph 
label 
Cotton, Exp.: Pigeon pea, Exp.: 
1 2 3 4 1 2 3 4 
(24) (80) (54) (48) (24) (80) (54) (48) 
Araneae Araneidae orb-weaving spider b Araneida 3 6 1 2 1 18 2 1 
 Austracantha minax six-spined spider b Aust min - - - - - - 1 - 
 Cheiracanthium spp. yellow night stalker b Cheiraca 19 123 23 51 17 117 22 62 
 Lycosa spp. wolf spider b Lycosa 1 1 - 1 2 2 1 - 
 Oxyopes spp. lynx spider b Oxyopes 28 201 30 14 42 418 18 33 
 Salticidae jumping spider b Salticid 13 91 17 2 9 31 8 - 
 Theridiidae tangle-web spider b Theridii 32 118 51 15 7 33 10 10 
 Thomisidae flower/crab spider b Thomisid 10 27 4 3 14 52 13 14 
 other spider b Spiders 28 327 32 57 17 313 20 44 
Blattodea Blattodea cockroach - Blattode - - 1 - - - 8 1 
Coleoptera Carpophilus spp. pollen beetle - Carpophi 7 261 45 125 1 109 2 35 
 Cerambycidae longhorn beetle p Cerambyc - - - - - - 1 - 
 Coccinellidae (larva) ladybeetle larva b CoccineL - - - 4 - - - - 
 Coccinella tranversalis transverse ladybeetle b Cocc tra - 15 7 82 1 - 11 122 
 Coleophora inequalis variable ladybeetle b Cole ine - 1 1 - 1 1 1 - 
 Curculionidae weevil - Curculio 2 7 6 64 - 10 5 10 
 Dicranolaius bellulus red and blue beetle b Dicr bel - 38 8 62 1 9 4 56 
 Diomus notescens two-spot ladybeetle b Diom not 4 8 7 7 - - 5 - 
 Elateridae click beetle p Elaterid - 3 - - - - 2 - 
 Hippodamia variegata white-collared ladybeetle b Hipp var - - - 9 - - - 1 
 Micraspis frenata striped ladybeetle b Micr fre 3 8 1 37 40 13 3 95 
 Nisotra spp. flea beetle p Nisotra - - 1 - - - - - 
 Stethorus spp. mite-eating ladybeetle b Stethoru - - - 1 - - - - 
 other beetle b/p Colepter 50 231 118 77 37 355 148 135 
Dermaptera Labiduridae earwig b/p Dermapte 2 7 1 - - 6 - - 
Diptera Culicidae mosquito - Culicida - - 2 4 - - 3 6 
 Syrphidae hover fly b Syrphida - 19 - - - - - - 
 Tephritidae fruit fly - Tephriti - - 2 - - - 5 - 
 other flies b Diptera 42 15 11 12 15 20 14 1 
Hemiptera Campylomma liebknechti apple dimpling bug b/p Camp lie 4 4 5 3 1 35 3 17 
 Creontiades dilutes green mirid p Creo dil 6 22 10 4 38 145 34 70 
 Deraecoris signatus brown smudge bug b Dera sig - 10 1 - 1 13 1 1 
 Dysdercus sidae cotton-stainer p Dysd sid 3 13 - - - - - - 
 Geocoris lubra big-eyed bug b Geoc lub - 4 - - - 5 - - 
 Jassidae leafhopper p Jassidae 21 9 21 3 17 96 31 4 
 Nabis kinbergii damsel bug b Nabi kin 1 7 - 1 4 9 1 7 
 Nezara viridula green vegetable bug p Neza vir 14 15 - 3 13 315 7 89 
 Nysius vinitor rutherglen bug p Nysi vin 6 2 1 6 2 - 1 68 
 Oechalia schlenbergii predatory shield bug b Oech sch - - 3 - - 10 2 9 
 Orius spp. pirate bug b Orius - - - 3 1 8 3 5 
 Oxycarenus luctuosus cotton seed bug p Oxyc luc 23 292 34 67 2 - 3 1 
 Piezodorus hybneri red banded shield bug p Piez hyb 4 - - - 1 1 6 18 
 Reduviidae assassin bug b Reduviid - - 2 - - - 5 - 
 Riptortus serripes brown bean bug p Ript ser - - - - - - - 13 
 Taylorilygus pallidulus broken-back bug b Tayl pal 1 1 - - - - 1 2 
 other bug b/p Hemipter 1 20 12 5 1 46 17 7 
Hymenoptera Apidae bee - Apidae - - - - - - 1 - 
 Formicidae ant b/p Formicid 3 44 38 16 - 96 22 47 
 other wasp b Hymenopt 3 7 61 14 5 19 60 4 
Lepidoptera Helicoverpa spp. (larva) helicoverpa caterpillar p HelicovL 13 19 93 1 97 237 335 165 
 Helicoverpa spp. (adult) helicoverpa moth p HelicovA - - - - - - 3 3 
 other (larva) other caterpillar p LepidopL 1 48 9 1 6 16 31 1 
 other (moth) other moth p LepidopA 1 7 3 4 2 3 4 4 
Neuroptera Mallada signatus (larva) green lacewing larva b Mall siL - - 9 2 - - 3 - 
 Mallada signatus (adult) green lacewing b Mall siA - 12 - - - 2 1 - 
 Micromus tasmaniae (larva) brown lacewing larva b Micr taL - - - 1 - - - - 
 Micromus tasmaniae (adult) brown lacewing b Micr taA - 48 - - - 2 1 - 
Orthoptera Acrididae grasshopper p Acridida - - 11 3 - - 7 4 
 Gryllidae cricket p Gryllida 27 31 6 4 17 38 2 9 
total species groups: 32 41 39 38 31 35 50 38 
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Figure 4.1. Detrended correspondence analyses (DCA) of samples in Experiments 1, 2, 3 and 4.  Experiment 3 
(raw) shows the distorted ordination prior to deletion of the species (Helicoverpa spp. adults, circled) from the 
outlying sample which caused the effect.  The dashed line indicates a demarcation between the communities in pigeon 
pea and cotton samples. 
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There were significant associations between species and crop type and time in the canonical 
correspondence analysis for each of the experiments (Table 4.3). 
Table 4.3. Species variance explained by CCA using environmental variables of crop type and time.  
Probabilities calculated using Monte Carlo test of first axis and all axes, 499 permutations. 
Experiment 
Variance explained (%) Test of first axis Test of all axes 
Total First axis F-statistic P-value F-statistic P-value 
1 14.3 8.4 4.116 0.002 3.759 0.002 
2 12.7 9.6 16.697 0.002 11.382 0.002 
3 4.8 2.8 2.911 0.002 2.563 0.002 
4 11.0 7.0 6.934 0.002 5.666 0.002 
 
CCA confirmed that species variance was better explained by crop type later in the season.  Crop type 
closely aligned with the first ordination axis in both Experiment 2 and 4, but was less important in 
Experiments 1 and 3, where time explained proportionally more variance (Figure 4.2).  Cotton seed 
bugs (Oxycarenus luctuosus (Montrouzier)) and pollen beetles (Carpophilus spp.) and tangle web 
spiders (Theridiidae) were associated with cotton, while pigeon pea had associations with green 
mirids (Creontiades dilutes (Stål)) across all experiments, and with green vegetable bugs (Nezara 
viridula (Linnaeus)) in late season samples (Experiments 2 and 4).  An ANOVA for each of these 
species groups also indicated that they were significantly more aligned with either cotton or pigeon 
pea at those times (Table 4.4). 
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Table 4.4. ANOVA results for association with crop type.  Significant values are noted with an asterisk (*). 
Species group Experiment Statistics Crop association 
Oxycarenus luctuosus 1 F=8.32, df=1, P=0.006* Cotton 
 2 F=58.95, df=1, P<0.001* Cotton 
 3 F=3.97, df=1, P=0.049* Cotton 
 4 F=6.12, df=1, P=0.015* Cotton 
Carpophilus spp. 1 F=3.48, df=1, P=0.069 - 
 2 F=13.11, df=1, P<0.001* Cotton 
 3 F=16.89, df=1, P<0.001* Cotton 
 4 F=4.16, df=1, P=0.044* Cotton 
Creontiades dilutes 1 F=13.57, df=1, P<0.001* Pigeon pea 
 2 F=42.43, df=1, P<0.001* Pigeon pea 
 3 F=7.77, df=1, P=0.006* Pigeon pea 
 4 F=21.37, df=1, P<0.001* Pigeon pea 
Nezara viridula 1 F=0.02, df=1, P=0.901 - 
 2 F=46.46, df=1, P<0.001* Pigeon pea 
 3 F=1.84, df=1, P=0.177 - 
 4 F=19.53, df=1, P<0.001* Pigeon pea 
Helicoverpa spp. larvae 1 F=13.18, df=1, P<0.001* Pigeon pea 
 2 F=65.97, df=1, P<0.001* Pigeon pea 
 3 F=20.30, df=1, P<0.001* Pigeon pea 
 4 F=34.80, df=1, P<0.001* Pigeon pea 
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Figure 4.2. Ordination diagrams of the first two axes of a canonical correspondence analysis (CCA) for 
invertebrates and environmental variables of crop type and time.  Arrows represent directions of greatest change in 
environmental variables.  Diagrams include species only in the range of species fit: 10-100%, and range of species 
weight: 10-100%. 
Because of the strong differences between cotton and pigeon pea communities, the effect of stocking 
rates and insecticides were analysed separately for each crop. These indicated that time, location in 
field, stocking rate and insecticide significantly influenced the communities in pigeon pea and cotton 
samples (Table 4.5, Figure 4.3 and Figure 4.4). 
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Table 4.5. Species variance explained in CCAs of cotton and pigeon pea using environmental variables including 
time.  Probabilities calculated using Monte Carlo tests of first axis and all axes, 499 permutations. 
Experiment 
Variance explained (%) Test of first axis Test of all axes 
Total First axis F-statistic P-value F-statistic P-value 
1 – Cotton 18.1 11.5 2.464 0.002 1.587 0.004 
2 – Cotton 7.9 5.7 4.571 0.002 2.031 0.002 
3 – Cotton 7.1 4.2 2.016 0.032 1.342 0.018 
4 – Cotton 10.0 6.5 2.968 0.002 1.965 0.002 
1 – Pigeon pea 18.4 11.9 2.561 0.002 1.705 0.002 
2 – Pigeon pea 10.5 8.5 6.989 0.002 2.712 0.002 
3 – Pigeon pea 6.3 3.6 1.689 0.166 1.161 0.032 
4 – Pigeon pea 11.5 9.0 4.263 0.002 2.291 0.002 
 
The CCAs for each experiment per crop showed in all cases (except for pigeon pea in Experiment 3) 
that the environmental variables had a significant effect on the species composition. Figure 4.3 and 
Figure 4.4 indicate that the strongest influence was time, as it was strongly aligned with the x-axis.  
The second most prominent variable was the position of the plot on the field; as the vectors for 
‘distance across field’, and ‘distance from top of field’) were usually longer than the treatment 
variables; except in cotton (Experiment 3) and pigeon pea (Experiment 4) where the ‘spray’ vector 
was longer, and therefore appeared to be having a stronger effect on the community. 
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Figure 4.3. Ordination diagrams of the first two axes of a canonical correspondence analysis for invertebrates 
and environmental variables in cotton. Environmental variables include time, stocking rate of H. armigera, 
application of insecticide spray, distance from top of field, distance across field and degree of glyphosate damage to 
plot.  Arrows represent directions of greatest change in environmental variables.  Diagrams include species only in 
the range of species fit: 5-100%, and range of species weight: 5-100%. 
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Figure 4.4. Ordination diagrams of the first two axes of a canonical correspondence analysis for invertebrates 
and environmental variables in pigeon pea. Environmental variables include time, stocking rate of H. armigera, 
application of insecticide spray, distance from top of field, distance across field and degree of glyphosate damage to 
plot.  Arrows represent directions of greatest change in environmental variables.  Diagrams include species only in 
the range of species fit: 5-100%, and range of species weight: 5-100%. 
 
Nevertheless the RDAs, which had ‘distance across field’ and ‘distance from top of field’ as 
covariables, indicated that there was no consistent effect of stock rate or spray on these communities 
(Table 4.6) even though Cotton in Experiment 3 did indicate a slight effect (Figure 4.5), though this 
was not significant when tested against the modified alpha value (Table 4.6).  In this diagram there 
was not a consistent difference between the treatments; unsprayed plots stocked with 10 H. armigera 
had more distinct communities (in comparison to the standard unsprayed plots with no additional H. 
armigera) in the first sample.  These samples included a higher proportion of jassids and ants.  
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Sprayed plots stocked with 0 or 50 H. armigera were more differentiated in the last sample.  They 
contained higher proportions of beetles, wasps and pollen beetles than the standard.  Nevertheless, the 
RDA again illustrates the strong effect of sample date on the communities, with time explaining 
between 11.5 and 32.3% of the variance for all the experiments. 
Table 4.6. Comparing PRCs between treatments (Experiment 1, 2 – stock rate, Experiment 3 – stock rate and 
insecticide spray, Experiment 4 – insecticide spray). 
Parameter 
Cotton, Experiment Pigeon pea, Experiment 
1 2 3 4 1 2 3 4 
Total individuals 376 2305 689 770 413 2603 894 1174 
Total species groups 32 41 39 38 31 35 50 38 
Total number of samples 24 80 54 48 24 80 54 48 
Significance of PRC 0.446 0.946 0.032* 0.46 0.81 0.338 0.538 0.462 
Modified alpha value 0.008 0.050 0.006 0.010 0.025 0.007 0.017 0.013 
Monte Carlo F statistic 1.52 1.373 3.898 1.69 1.404 2.154 2.697 1.687 
Variability explained by treatment (%) 9.8 1.9 10.3 4.3 9.1 3.0 7.6 4.3 
Variability explained by time (%) 26.1 16.7 11.5 32.3 28.5 18.0 14.7 26.0 
 
In Experiment 3, application of insecticide reduced the number of jassids (F=20.93, df=1, P<0.001) 
and ants (F=11.18, df=1, P=0.002) present in cotton.  Beetles were most common in plots stocked at 
the highest rate of larvae which also had insecticide applied (F=4.34, df=2, P=0.019).  The fewest 
jassids and ants were present in cotton stocked at the zero rate. 
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Figure 4.5. Principal response curve (PRC) of treatments (stocking rate of H. armigera and application of 
insecticide) in cotton plots of Experiment 3, along with species which best fit with this pattern. 
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4.4. Discussion 
The clear finding from this series of experiments is that crop type has the largest impact on 
invertebrate communities relative to stocking rate of H. armigera, application of insecticide and 
position on field.  Differences in communities between crop types are to be expected as they come 
from different families and therefore are markedly different.  Cotton and pigeon pea each have 
distinct associations with different insects and allied taxa.  Beyond producing susceptible Helicoverpa 
spp., refuges are a source of beneficial insects and spiders.  With different invertebrate communities 
present in different crop types it is important to consider the applicability of beneficials from refuges 
to the Bt crop.  It is possible that arthropods from cotton refuges are more likely to move into a Bt 
cotton crop than those from pigeon pea refuges.  The clear distinction in communities between cotton 
and pigeon pea refuges is likely resultant from their differences in growth habit and physiology.  The 
differences between a cotton refuge and Bt cotton would not be so marked.  The beatsheet sampling 
method is also likely to result in variations between cotton and pigeon pea, because of the different 
architecture of each species of plant.  Considering this, comparisons between the communities of 
cotton and pigeon pea observed through beatsheeting have limitations (Wade et al., 2006). 
The other environmental variable which consistently impacted on species composition was time.  This 
was to be expected as phenology of host plants changes as the growing season progresses.  The effect 
of time became very clear when comparing invertebrate communities between samples from January, 
early in the growing season, to those from February-March, towards the end of the cotton growing 
season.  Results here indicate that communities of cotton and pigeon pea are more similar early in the 
season, and become quite distinct as the season progresses.  Pigeon pea has a prolonged flowering 
period which makes it more attractive to Helicoverpa spp. for oviposition than cotton later in the 
season (Baker et al., 2008).  This study also shows that other herbivorous insects as well as predators 
and parasitoids are more abundant in late season pigeon pea. 
There was likely an effect of spatial scale of treatments which had an effect on the detection of 
community effects.  While the effect of crop was expressed over large areas, particularly in 
Experiments 1 and 2, the other environmental variables, such as treatments of stocking rate were only 
applied at a comparatively small spatial scale. 
The effect that the environmental variables of position on the field (‘distance across’ and ‘distance 
from top’) had on species composition varied between experiments, and there was no consistency in 
which of the two components had the stronger effect.  More samples were taken in Experiments 1 and 
2, and had a wider range of values in their position on the field.  Experiments 3 and 4 sampled from a 
smaller number of plots which were arranged in simple arrays of 6×7 and 2×4 respectively.  This 
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smaller range of values meant that the ordination was not able to accurately demonstrate the effect of 
position, and is closer to showing an effect of plot rather than position on the field. 
Populations of predators and parasitoids typically increase in areas of higher prey density (Hassell and 
May, 1974), and it was expected that this would hold true in this study.  Although adding H. armigera 
larvae to plots was successful in increasing Helicoverpa spp. larval densities (Chapter 3), there was no 
substantial effect on the rest of the invertebrate community.  This study used artificial introduction of 
various rates of H. armigera to force density dependent effects to become apparent.  Observation of a 
range of naturally occurring H. armigera densities in Bt cotton refuges may give a better indication of 
the effect of larval density on species composition.  A recent study found that higher densities of 
lepidopteran larvae are associated with other insects which linked with plant damage only once 
populations of larvae reached a sufficiently high density (Whitehouse et al., 2014). 
The analysis focusing on the effect of the treatments on invertebrate communities showed that overall, 
there was no effect.  However, in Experiment 3 there did seem to be an interaction between stocking 
rate and insecticide although the effect was not consistent, and was not apparent in Experiment 4.  In 
particular, it is counter-intuitive that beetles, particularly pollen beetles and wasps would be more 
abundant in the plots sprayed with high stocking rates.  Compared to the size of commercial refuges, 
the small plot sizes used in Experiments 3 and 4 were more at risk of edge effects from nearby plots.  
Some adjacent plots were unsprayed and rapid reintroduction of invertebrates was a possibility.  
Herbivorous insects which share the same plant hosts may hinder H. armigera through competition 
for the same resources, or benefit by assisting in overwhelming plant defenses (Soler et al., 2012).  
The effect that removal of intraguild and interguild competitors has on the performance of H. 
armigera warrants further investigation. 
4.5. Conclusion 
With no control measures in place, refuges can be a source of both beneficial and pest invertebrate 
species.  This study determined that the main factor determining invertebrate communities in Bt 
cotton refuges is crop type and seasonal variation.  Well managed pigeon pea refuges produce more 
Helicoverpa spp., but a non-Bt cotton refuge may be better suited to be a source of predators tailored 
for the Bt crop. 
Spraying insecticide in refuges has no clear benefit in the management of Bt resistance in Helicoverpa 
spp.  Densities of Helicoverpa spp. are not increased with the incorporation of insecticide, and would 
only serve to add extra costs to Bt cotton production. 
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Chapter 5: Implications of irrigation and fertiliser 
application on preference and performance of 
Helicoverpa armigera (Hübner) on non-Bt cotton and 
pigeon pea 
5.1. Introduction 
Few studies examine the effect of water and nitrogen on the preference and performance of 
Helicoverpa armigera (Hübner), though work has been undertaken more extensively on other insect 
species.  A more thorough understanding of these effects will allow for better management of cotton 
refuges in Australia.  Cage studies on H. armigera show that oviposition on a plant increases with use 
of fertiliser at a typical rate, although oviposition is not increased further by doubling the nitrogen 
application rate (Firempong and Zalucki, 1990b).  The proportion of water in the plant has no effect 
on oviposition choice (Firempong and Zalucki, 1990b).  How watering and nitrogen may affect 
oviposition rates through the effect they have on plant physiology will form one part of the study 
reported in this chapter.  In response to the ‘pulsed stress hypothesis’ Mody et al. (2009) determined 
that the intensity of water stress had a significant positive impact upon insect performance.  If these 
conditions could be replicated on cotton or pigeon pea, it is possible that the performance of the leaf-
chewer H. armigera might increase.  This was the reason for selecting the treatments used in this 
experiment. 
The aim of this chapter was to determine the effect that water and fertiliser have on oviposition 
preference and larval performance on cotton and pigeon pea plants.  In particular, it examined the 
effect of both extreme water variance inducing high levels of stress (in the form of wilting and 
waterlogging) and less extreme water variance which did not stress the plant.  The aim was to test if 
differences in water and nitrogen availability would alter plant morphology and plant defence 
mechanisms to such a degree that Helicoverpa spp. would respond by showing oviposition 
preferences and differences in larval survival. 
5.2. Materials and methods 
5.2.1. Experiment 1 
Experiment 1 tested the effect of extreme water variance and plant stress on crop attractiveness and 
larval survival.  It was undertaken at the Australian Cotton Research Institute in Narrabri (ACRI), 
New South Wales.  One hundred and eighty pots (200mm diameter) were each planted with five seeds 
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of either Sicot 71 RRF (Roundup Ready Flex) cotton or pigeon pea (off-type descendant of variety 
Quest) in the “no spray” section of Glasshouse 8 at ACRI on the 3rd of June 2011.  Plants for all 
treatments were grown under the same, optimal conditions for the first two weeks, germinating more 
seeds than were required and thinning out, after which treatments were applied (pilot trials growing 
cotton and pigeon pea resulted in high mortality of seedling plants revealing two main detrimental 
factors – waterlogging and relatively high levels of fertiliser). 
For the initial two weeks after sowing all pots were watered by hand to field capacity twice per week.  
The start of growing pigeon pea was delayed until the 29th of July 2011 because new seed had to be 
sown (almost all of the initial pigeon pea seeds had been removed, likely eaten by mice); however all 
other methods remained the same for growing each of the plant types. 
At two weeks after sowing, the water and nitrogen treatments commenced.  Plants on the wilting 
watering treatment were allowed to reach wilting point, at which time the soil was brought to field 
capacity.  The normal watering treatment was to water twice per week to field capacity, consistent 
with the methods used to grow cotton in glasshouses at ACRI.  The waterlogging watering treatment 
was watered every two days to saturation.  Nitrogen was added in the form of a soluble fertiliser 
(Yates Thrive Soluble All Purpose Plant Food - NPK 27:5.5:9) at rates of 0g, 4g and 8g product per 
pot. 
 Plant characteristics 
Measurements of morphology were made when plants were 10-weeks old, prior to preference and 
performance testing.  Heights of each plant from soil to apical tip were obtained and averages per pot 
were calculated.  Total counts across all plants in each pot of squares (cotton) or buds (pigeon pea), 
flowers and fruiting bodies were made.  In pigeon pea, each inflorescence (raceme) was counted as 
one bud until each floret on the inflorescence had finished flowering.  Fruit was counted as each boll 
in cotton and each pod in pigeon pea. 
 Larval performance 
Larvae for the survival trial were sourced from a Bt-susceptible laboratory colony maintained at 
ACRI by CSIRO that originated from cotton fields during the mid-1980s and has since been 
supplemented with field material added periodically to retain strain vigour, referred to as the general 
rearing (GR) colony.  Neonates were raised on meridic diet for three days to late second instar, at 
which time larvae were transferred to 10-week old plants, placed upon either squares for cotton or 
flower buds for pigeon pea.  Observations of larval numbers and average instar per replicate were 
made every second day for two weeks.  Survival was measured as the total number of live H. 
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armigera present on day 14, regardless of their instar.  Only larvae reaching their final instar were 
included in the analysis of development. 
 Statistical analysis 
A two-way analysis of variance with no blocking was used to interpret characteristics of plants used 
in the performance experiment.  Treatments of watering rate, fertiliser application and their interaction 
were assessed.  Plant height, number of inflorescences, flowers and fruit were not subjected to a 
transformation as assumptions of the test were met by the raw data.  The effect that crop species had 
on height, number of inflorescences, flowers and fruit was analysed, though the effects of fertiliser 
and watering rate were also independently analysed for each crop. 
Larval performance was interpreted using a two-way analysis of variance with no blocking of counts 
of individuals surviving to the final larval instar.  Treatments of watering rate, fertiliser application 
and their interaction were assessed.  Data met assumptions for the test and were not transformed prior 
to analysis.  All statistics were completed in GenStat 16th edition using 5% significance levels. 
5.2.2. Experiment 2 
Several modifications were made for the second experiment.  Instead of watering in response to plant 
wilting point or using soil field capacity as an indicator of when to irrigate, water was applied 
consistently at known volumes per treatment, reducing the variance between low and high water 
treatments.  Additionally the amount of fertiliser applied was altered to reflect the amount of available 
nitrogen added to each pot, not the total weight of fertiliser. 
Modifications to cage design were also made.  Cages for the larval performance experiments were 
constructed of an insect screening mesh (Svensson ECONET-T: Thrips-grade mesh).  The cages 
provided larger enclosures for plants and meant cages used were consistent across all replicates.  New, 
much larger cages were also constructed for oviposition testing, allowing two plants to be tested in 
each cage.  These cages also had Perspex front and back panels (to facilitate observation). 
The second experiment was split temporally into three phases with equal replication of treatments 
within each phase to accommodate restrictions of space available to set up pots, resources to make 
cages and time to complete observations. 
The second experiment was undertaken at ACRI in the “no spray” section of Glasshouse 8, from the 
28th of August to the 4th of November 2012.  Prior to testing, plants were grown in an adjacent section 
of Glasshouse 8.  Each pot was planted with 10 seeds of Sicot 71 RRF (Roundup Ready Flex) cotton 
or 20 seeds of pigeon pea.  For the initial two weeks after sowing all pots received the same amount of 
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water (by hand to field capacity twice per week).  At the end of the second week, the number of plants 
per pot was reduced to five by removing the largest and smallest plants. 
Fertiliser was added at this time (Yates Thrive Soluble All Purpose Plant Food - NPK 27:5.5:9) at 
rates of 0g, 2g and 4g active ingredient (nitrogen) respectively.  Rates were calculated to reflect a nil, 
typical and double field rate, accounting for residual nitrogen already present in soil (personal 
communication Rochester, 2012).  At the end of the second week, watering treatments also 
commenced.  Water was applied using an automatic irrigation system with pressure compensating 
drippers that delivered water at rates of 2 litres per hour (LPH), 4LPH and 8LPH.  The irrigation 
system was programmed to apply water for one minute three times per day (at 9am, 12pm and 3pm) 
for a total of 100mL, 200mL and 400mL per day equivalent to low, moderate and high watering rates 
respectively.  At the end of week three, the number of plants per pot was further reduced to three.  
This last stage of plant selection minimised any mortality effects that commencing fertiliser and 
irrigation treatments may have had on replicates, though a number of pots still ended up having less 
than three plants. 
 Plant characteristics 
Measurements of morphology were made when plants were 10-weeks old, prior to preference and 
performance testing.  Heights of each plant from soil to apical tip were measured and averages per pot 
were calculated.  Total counts across all plants in each pot of squares (cotton) or buds (pigeon pea), 
flowers and fruiting bodies were made.  In pigeon pea, each inflorescence (raceme) was counted as 
one bud until each floret on the inflorescence had finished flowering.  Fruit was counted as each boll 
in cotton and each pod in pigeon pea. 
 Foliar nitrogen and moisture content 
Foliar samples were taken from 10-week old plants immediately prior to the start of preference and 
performance testing.  For cotton plants, the third open leaf from the apex of each plant was removed, 
cutting with secateurs where the leaf met the petiole, for a total of three leaves per replicate.  For 
pigeon pea plants, the leaf cluster arising from the fourth node from the apex of each plant was 
sampled.  If the sample was suspected to be too small to attain the required 0.2g of dry matter for 
Kjeldahl analysis a second leaf cluster was sampled per plant from the next node down, though this 
had the potential to have an uneven impact of sampling between treatments.  Only one replicate (from 
treatment Pigeon pea, 8LPH, 0g nitrogen) had six leaves sampled instead of three.  Sampled leaves 
were placed in labelled paper bags, then placed into a polystyrene container to minimise weight loss 
from evaporation. 
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Multiple technicians assisted with sampling to ensure measurements of leaf fresh weights were taken 
as quickly as possible after removal from plants.  Leaves were removed from bags, weighed using 
0.0001g accurate scales then returned to bags.  Once all fresh weights had been taken, the total area of 
samples was measured using a leaf area meter.  At this point, samples were placed into a 65°C drying 
oven for 72 hours.  Measurements of sample dry weights were then taken and the difference with 
fresh weight used to determine moisture content, from which moisture content per unit area was 
calculated. 
In preparation for Kjeldahl analysis, all samples were ground using a puck-mill grinder (minimising 
loss of material, allowing for smaller amounts of leaves to be taken from plants).  The Kjeldahl 
method was used to determine quantities of nitrogen in foliar samples, and was carried out in CSIRO 
laboratories at the ACRI. 
 Oviposition preference 
Testing of H. armigera oviposition preference for Experiment 2 was carried out using paired choice 
tests.  Pairs of 10-week old plants were presented to single mated female moths and resultant egg lay 
measured.  Cages in Experiment 2 measured 750mm wide by 750mm deep and 1200mm high.  They 
also had a clear acrylic front and back to facilitate observation. 
Moths for no-choice oviposition preference testing were sourced from the same Bt-susceptible 
laboratory colony maintained at ACRI by CSIRO as mentioned previously.  To ensure that mated 
female moths were available when needed, the rearing of insects for the oviposition trial was 
staggered over a week.  H. armigera eggs from two batches were placed in either a 4°C cooler to 
retard development, or a 30°C incubator to accelerate development, by a day.  A total of 135 neonates 
to be put on meridic diet each day for five days.  Rearing continued until pupation, when pupae were 
sexed and placed in separate buckets with honey-water solution.  Buckets were checked daily and 
pairs of male and female moths were placed in small 500mL containers with food.  Once eggs had 
been laid and shown to be fertile by becoming darker in colouration, the female of the pair was ready 
to be introduced to a cage with a pair of plants for oviposition testing. 
Pairs of pots of different treatments were selected from within either crop type and placed randomly 
in opposite corners of cages.  The pair of plants were grown under the same treatment except for the 
amount of fertiliser (Table 5.1) or water (Table 5.2) applied, depending on the test being conducted. 
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Table 5.1. Experiment 2 – Summary of plant treatment pairs examining the effect of fertiliser rate on oviposition 
choice (0g N versus 2g N).  LPH (litres per hour) refers to the irrigation dripper used in the treatment. 
Crop Watering rate 
Fertiliser rates 
(grams N per pot) Replicates 
cotton 4LPH 0 vs 2 8 pairs 
pigeon pea 4LPH 0 vs 2 8 pairs 
 
Table 5.2. Experiment 2 – Summary of plant treatment pairs examining the effect of watering rate on oviposition 
choice (2LPH vs 8LPH).  LPH (litres per hour) refers to the irrigation dripper used in the treatment. 
Crop 
Fertiliser rate 
(grams N per pot) Watering rates Replicates 
cotton 0 2LPH vs 8LPH 8 pairs 
 2 2LPH vs 8LPH 8 pairs 
 4 2LPH vs 8LPH 6 pairs 
pigeon pea 0 2LPH vs 8LPH 8 pairs 
 2 2LPH vs 8LPH 8 pairs 
 4 2LPH vs 8LPH 6 pairs 
 
A maximum of 10 pairs of plants were tested per day.  One mated female moth was added to each 
cage at about 2pm and left for 24 hours.  The moth was then removed and the number of eggs, along 
with their location, was recorded.  The eggs were then destroyed and the plants were discarded.  
However, if a moth did not lay eggs or laid exclusively on the cage, the pair of plants were retested 
with a new moth for another 24 hour period after any cage-laid eggs had been removed.  Retesting 
was only necessary in three instances and never more than once from the same treatment. 
 Larval performance 
The performance trial of Experiment 2 was similar to the Experiment 1 counterpart.  Ten-week old 
plants of the various treatments were placed on benches in a glasshouse and cages were placed over 
them.  Vermiculite was added to the base of each cage so that it formed a layer approximately 5cm 
deep over the soil at the base of the plants.  Ten second instar H. armigera larvae were added to each 
cage and observations of numbers and larval instar were made daily for three weeks. 
At the end of the three week period cages were cleared, and the vermiculite sifted for pupae and pre-
pupae.  Soil was also searched for pupae using a sieve to separate dry crumbling soil and reveal 
pupae.  Larger portions of soil that did not easily crumble were searched using a combination of 
sieving and water to break down the clay.  At day 21 live fourth and fifth instar larvae were still 
present on the plants of some replicates.  These, along with pupae and pre-pupae in the soil, were 
counted towards the totals for performance experiments, but were not included in totals of pupae 
production.  Pre-pupae that failed to mature into pupae after being left in vermiculite were also 
excluded from the pupae totals. 
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As minimal interference with the insects was desired for the larval performance experiments, 
observations made during the trial may have under-represented the actual numbers of H. armigera 
present.  As it was not possible for more larvae to enter the system, subsequent higher counts of larvae 
and, on the final day, pupae, resulted in previous values being increased to represent insects it was 
reasonable to assume were present, but were missed at observation.  Values were increased to a 
number that one could be absolutely certain was the minimum number of Helicoverpa spp. present.  
There was no difference between treatments in the tendency for larvae to be missed at observation. 
Weights of pupae were obtained using scales accurate to 0.0001g.  Pupae were then left in a 
controlled temperature room to continue development, and were observed daily for date of 
emergence.  In contrast to Experiment 1, development in Experiment 2 was measured as the time for 
each individual to reach the adult life stage. 
 Statistical analysis 
Oviposition data were normalised prior to analysis using square root transformation.  The data were 
then analysed using a two-sample paired t-test.  Eggs laid on cage and not plant material were 
excluded from analysis. 
Differences between the characteristics of plants used in the oviposition experiment were analysed 
according to the pairs used in preference testing using two-sample paired t-tests.  Correlations of 
numbers of eggs and plant characteristics were performed using Pearson correlations with associated 
P-values calculated.  A square root transformation was applied to plant height, number of 
inflorescences, flowers and fruit prior to analysis. 
A factorial analysis of variance with blocking was used to interpret characteristics of plants used in 
the performance experiment.  The factors or dependent variables were crop type, watering and 
fertiliser treatments, while the independent variables were sowing date (to account for any changes in 
the glasshouse over time) and location within the glasshouse.  Plant height, number of inflorescences, 
flowers and fruit were normalised using a square root transformation. 
Larval performance was interpreted using a factorial analysis of variance of counts of surviving 
individuals at day 21.  Data were normalised using a square root transformation.  LSDs (least 
significant differences of the means, α=0.05) were used to identify significant differences between 
treatments. 
Total counts of pupae from the performance experiments were interpreted using a general analysis of 
variance (ANOVA), using sowing date as the independent variable to account for any unrelated 
changes over time.  Data were normalised using a square root transformation.  An unbalanced 
factorial analysis of variance was required to interpret pupal weight data due to unequal replication 
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between treatments.  Treatment replicates were nested within each sowing date.  Pupal weights did 
not need normalisation. 
Development time was measured using counts of the total days from the start of the experiment 
(second instar larvae) until emergence as adult moths.  An unbalanced factorial analysis of variance 
was required to interpret development data due to unequal replication between treatments.  The data 
were normalised using a square root transformation to meet assumptions of the test and treatment 
replicates were nested within each sowing date.  Analysis of total development time from second 
instar larva was undertaken on 80 individuals which survived to the adult stage.   
For results with unbalanced replication, the average least significant difference across all treatments 
was used to determine groups.  This avoided undue weighting being assigned to treatments with fewer 
replicates. 
All statistics were completed in GenStat 16th edition using 5% significance levels. 
5.3. Results 
5.3.1. Experiment 1 
 Plant characteristics (larval performance experiment) 
As cotton and pigeon pea are from different plant families, they differed in most measures of their 
morphological characteristics.  However, each plant species also differed in its individual response to 
varying water and fertiliser rates within the crop. 
Pigeon pea plants were taller than cotton plants (F=22.64, df=1, P<0.001).  Cotton plants had higher 
numbers of squares/buds than pigeon pea plants (F=218.15, df=1, P<0.001), while pigeon pea plants 
had more flowers (F=30.98, df=1, P<0.001) and fruit (F=73.99, df=1, P<0.001) than cotton plants.  
No fruit was present on any cotton plants at Week 10. 
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Table 5.3. Experiment 1 – Summary of plant differences between cotton and pigeon pea. 
Plant characteristic Crop Mean ± SE 
height cotton 30.66cm 0.79 
 pigeon pea 36.51cm 0.94 
squares/buds cotton 6.03 0.33 
 pigeon pea 0.96 0.10 
flowers cotton 0.01 0.01 
 pigeon pea 2.81 0.50 
fruit cotton 0.00 0.00 
 pigeon pea 11.03 1.28 
 Effect of water 
Height of cotton plants increased with each increase in application of water (F=312.11, df=2, 
P<0.001).  The least number of squares on cotton were found on plants grown at the wilting water rate 
and the greatest number were found on plants grown at the normal watering rate (F=50.57, df=2, 
P<0.001).  Watering rate had no effect on the number of flowers present on cotton plants (F=1.00, 
df=2, P=0.372) (Figure 5.1). 
For pigeon pea, increasing rates of water resulted in increased plant heights (F=172.89, df=2, 
P<0.001), abundance of flowers (F=40.53, df=2, P<0.001) and fruit (F=99.27, df=2, P<0.001).  Again, 
the normal watering treatment produced more buds than the wilting and waterlogging rates of 
watering (F=5.27, df=2, P=0.007). 
 Effect of fertiliser 
Application of fertiliser significantly increased the height of cotton plants (F=50.18, df=2, P<0.001), 
though height did not differ between the 4g and 8g rates.  The number of inflorescences present on 
cotton increased with increasing rates of fertiliser application (F=65.97, df=2, P<0.001).  Fertiliser 
rate had no effect on the number of flowers present on cotton plants (F=1.00, df=2, P=0.372). 
Varying the amount of fertiliser added to pigeon pea plants affected the number of inflorescences 
present (F=3.57, df=2, P=0.033); the most were recorded on plants grown with 4g and least with 8g of 
fertiliser.  Adding fertiliser also resulted in increased amounts of fruit, with more present on the 4g 
and 8g treatments than the 0g rate (F=7.11, df=2, P=0.001).  Application of fertiliser had no effect on 
the height (F=1.93, df=2, P=0.152) or abundance of flowers (F=0.55, df=2, P=0.577) of pigeon pea 
plants. 
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Figure 5.1. Experiment 1 – Effect of water (wilting, normal, waterlogging) and fertiliser (0g, 4g, 8g product per 
pot) rate on 10-week old non-Bt cotton and pigeon pea plants.  No fruit were present on any cotton plants sampled.  
Arrows indicate significant increases between treatment rates and the direction of significant interaction effects. 
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 Interaction effect of water and fertiliser 
An interaction effect was observed in cotton, where the combination of higher watering rates with 
application of fertiliser resulted in the tallest cotton plants (F=6.12, df=4, P<0.001). 
Pigeon pea plants grew taller with increasing levels of water, and combined with increasing levels of 
fertiliser were able to grow even taller (F=4.88, df=4, P<0.001).  Application of water at the 
waterlogging rate in concert with 4g or 8g of fertiliser produced the highest number of flowers 
(F=2.96, df=4, P=0.025) and fruit (F=6.48, df=4, P<0.001).  Waterlogged plants that had no fertiliser 
applied produced fewer flowers, similar to the wilting and normal watering treatments. 
 Larval performance 
More larvae per replicate survived to Day 14 on pigeon pea plants than on cotton plants (F=6.37, 
df=1, P=0.012, Figure 5.2). 
During the trial period in cotton, there were significant differences in final larval numbers between 
watering treatments (F=124.54, df=2, P<0.001).  More larvae survived on cotton plants that received 
the waterlogging rate than the wilting rate of water, while the most larvae survived on plants watered 
at the normal rate.  Fertiliser treatment also had an effect on the number of larvae surviving on cotton 
plants (F=26.30, df=2, P<0.001).  Fewer larvae reached their final instar on cotton plants given 0g 
fertiliser than either 4g or 8g fertiliser, which did not differ in their number of larvae. 
An interaction effect was observed between watering and fertiliser treatments on cotton plants 
(F=19.27, df=4, P<0.001).  Larval performance was lowest on cotton plants receiving the least water, 
and highest on plants watered at the moderate level, but only when these plants were also provided 
with fertiliser. 
For pigeon pea, larval survival was significantly affected by the watering treatment that plants 
received (F=276.32, df=2, P<0.001).  The least larvae survived on the wilting, followed by the 
waterlogging water treatment, with the most larvae surviving to final instar on the normal watering 
treatment.  The number of larvae surviving to their final instar was also affected by the amount of 
fertiliser that plants received (F=12.10, df=2, P<0.001).  Larval survival was lowest at the 0g fertiliser 
rate compared to the 4g and 8g rates, which were not significantly different to each other. 
Fertiliser and watering treatments had an interaction effect on the survival of larvae on pigeon pea 
plants (F=4.95, df=4, P=0.001).  Similar to cotton plants, larval performance was lowest on pigeon 
pea plants watered at a wilting rate, and highest on plants watered at the normal level, but only when 
they were also provided with fertiliser. 
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Figure 5.2. Experiment 1 – Survival of H. armigera larvae on a) cotton and b) pigeon pea plants grown under 
wilting, normal and waterlogging watering treatments in combination with 0g, 4g, and 8g of fertiliser product. 
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 Development 
Development time to final instar was shorter when larvae were reared on pigeon pea rather than 
cotton (F=42.02, df=1, P<0.001).  Larvae reached their final instar in fewer days when reared on 
cotton plants that were given 4g or 8g of fertiliser, compared to the 0g fertiliser rate (F=35.45, df=2, 
P<0.001, Figure 5.3a).  Larvae developed faster on normally watered than on waterlogged cotton 
plants.  No larvae survived to final instar on cotton plants subjected to the wilting treatment (F=39.2, 
df=1, P<0.001). 
The fastest developing larvae on cotton were on plants supplied at least 4g of fertiliser combined with 
a normal watering rate.  Increasing the watering rate to high or not adding any fertiliser led to a 
significant increase in development time (F=12.35, df=2, P<0.001). 
Larval development time on pigeon pea decreased as the fertiliser application rate increased from 0g, 
to 4g, to 8g per pot. (F=22.67, df=2, P<0.001, Figure 5.3b).  Water had no effect on larval 
development times in pigeon pea (F=1.35, df=1, P=0.251).  Similarly, there was no interaction effect 
between fertiliser and watering rates on pigeon pea (F=1.1, df=2, P=0.342), although no larvae 
survived to final instar on pigeon pea plants subjected to the wilting treatment. 
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Figure 5.3. Experiment 1 – Average development time of H. armigera from second instar to final instar larva, on 
a) cotton and b) pigeon pea plants under treatments of wilting, normal and waterlogging watering treatments in 
combination with 0g, 4g, and 8g of fertiliser product added to each pot.  The number at the base of each bar is the 
total number of replicates which had at least one larva survive to final instar. 
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5.3.2. Experiment 2 
Plant characteristics (larval performance plants) 
Pigeon pea plants were always significantly taller than cotton plants grown under the same conditions 
(F=315.35, df=1, P<0.001).  Pigeon pea plants also had higher numbers of buds/squares (F=137.83, 
df=1, P<0.001), flowers (F=102.78, df=1, P<0.001) and fruit (F=285.35, df=1, P<0.001) than cotton 
plants.  Foliar nitrogen was higher in cotton than pigeon pea (F=30.89, df=1, P<0.001), as was foliar 
moisture (F=267.38, df=1, P<0.001) (Table 5.4). 
Table 5.4. Experiment 2 – Summary of plant differences between cotton and pigeon pea. 
Plant characteristic Crop Mean ± SE 
height cotton 47.82cm 2.02 
 pigeon pea 75.93cm 1.93 
buds/squares cotton 1.62 0.22 
 pigeon pea 15.81 1.52 
flowers cotton 0.53 0.11 
 pigeon pea 6.85 0.81 
fruit cotton 2.99 0.31 
 pigeon pea 29.72 2.37 
foliar nitrogen cotton 2.94% 0.10 
 pigeon pea 2.44% 0.06 
foliar moisture cotton 16.7mg/cm2 0.4 
 pigeon pea 9.2mg/cm2 0.3 
 
Plant characteristics (oviposition preference plants) 
Several significant differences were observed within pairs of plant treatments used in the oviposition 
experiment (Table 5.5).  Application of fertiliser increased the height, amount of fruit and foliar 
nitrogen, but decreased foliar moisture of cotton plants.  Fertiliser had no effect among pigeon pea 
plants used in the oviposition experiment.  In cotton with fertiliser application, and all pigeon pea 
treatments, increased watering rates resulted in increased height.  Increased water also led to more 
squares/buds, flowers and fruit in several instances. 
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Table 5.5. Differences in plant characteristics within paired treatments in Experiment 2 oviposition trial.  Each 
line in the table represents a pair of treatments (one variable was tested) - the ‘Crop’ column contains the factor 
common to both treatments, while the ‘Pair of treatments’ column indicates how each member of the pair differs (the 
factor being tested).  Significant results are marked with an asterisk (*).  LPH (litres per hour) refers to the irrigation 
dripper used in the treatment. 
 
Crop (c=cotton, 
p=pigeon pea) 
Pair of 
treatments 
(n=nitrogen, 
w=water) 
Test 
stat. df P 
Mean ± SE 
Greater 
treatment first treatment 
second 
treatment 
H
eight (cm
) 
c (4 LPH) n (0, 2g) 9.77 7 <0.001* 32.00 ± 2.38 55.25 ± 2.54 2g 
p (4 LPH) n (0, 2g) 1.54 7 0.166 70.83 ± 4.63 81.63 ± 5.70 - 
c (0g N) w (2, 8LPH) 0.05 7 0.961 30.29 ± 1.70 30.50 ± 2.93 - 
c (2g N) w (2, 8LPH) 4.80 7 0.002* 45.50 ± 3.88 66.54 ± 3.85 8LPH 
c (4g N) w (2, 8LPH) 6.66 5 0.001* 39.94 ± 2.97 66.50 ± 4.50 8LPH 
p (0g N) w (2, 8LPH) 2.53 7 0.039* 63.75 ± 3.32 77.88 ± 6.46 8LPH 
p (2g N) w (2, 8LPH) 6.66 7 <0.001* 65.83 ± 3.92 101.63 ± 6.31 8LPH 
p (4g N) w (2, 8LPH) 3.02 5 0.029* 64.22 ± 5.70 98.08 ± 8.61 8LPH 
Squares/Buds (#) 
c (4 LPH) n (0, 2g) 0.27 7 0.794 1.38 ± 0.32 2.38 ± 1.69 - 
p (4 LPH) n (0, 2g) 2.16 7 0.067 11.13 ± 4.51 16.88 ± 5.03 - 
c (0g N) w (2, 8LPH) 0.69 7 0.515 1.13 ± 0.40 1.50 ± 0.46 - 
c (2g N) w (2, 8LPH) 0.32 7 0.756 1.50 ± 0.65 2.25 ± 1.22 - 
c (4g N) w (2, 8LPH) 0.41 5 0.695 1.33 ± 0.88 2.33 ± 1.38 - 
p (0g N) w (2, 8LPH) 1.98 7 0.088 8.25 ± 2.81 20.25 ± 7.16 - 
p (2g N) w (2, 8LPH) 2.37 7 0.050* 10.38 ± 2.71 23.88 ± 5.43 8LPH 
p (4g N) w (2, 8LPH) 4.40 5 0.007* 14.83 ± 3.06 40.50 ± 4.23 8LPH 
Flow
ers (#) 
c (4 LPH) n (0, 2g) 1.50 7 0.178 0.00 ± 0.00 1.50 ± 1.05 - 
p (4 LPH) n (0, 2g) 0.53 7 0.613 3.38 ± 1.63 4.13 ± 1.64 - 
c (0g N) w (2, 8LPH) - - - - - - 
c (2g N) w (2, 8LPH) 1.97 7 0.090 0.00 ± 0.00 0.88 ± 0.48 - 
c (4g N) w (2, 8LPH) 1.55 5 0.182 0.00 ± 0.00 0.50 ± 0.34 - 
p (0g N) w (2, 8LPH) 1.34 7 0.222 4.88 ± 2.56 13.13 ± 4.93 - 
p (2g N) w (2, 8LPH) 2.41 7 0.047* 5.13 ± 1.80 12.75 ± 2.78 8LPH 
p (4g N) w (2, 8LPH) 1.33 5 0.241 6.00 ± 1.13 18.33 ± 8.40 8LPH 
Fruit (#) 
c (4 LPH) n (0, 2g) 5.18 7 0.001* 0.25 ± 0.16 6.38 ± 2.03 2g 
p (4 LPH) n (0, 2g) 0.41 7 0.692 24.50 ± 4.40 31.63 ± 8.82 - 
c (0g N) w (2, 8LPH) 0.26 7 0.801 0.50 ± 0.38 0.50 ± 0.27 - 
c (2g N) w (2, 8LPH) 8.49 7 < 0.001* 2.75 ± 0.53 7.25 ± 0.41 8LPH 
c (4g N) w (2, 8LPH) 7.73 5 < 0.001* 2.50 ± 0.76 7.00 ± 1.32 8LPH 
p (0g N) w (2, 8LPH) 1.56 7 0.163 22.00 ± 3.44 26.38 ± 3.39 - 
p (2g N) w (2, 8LPH) 1.71 7 0.130 22.88 ± 4.79 37.13 ± 7.14 - 
p (4g N) w (2, 8LPH) 0.89 5 0.413 20.00 ± 5.03 37.67 ± 13.28 - 
Foliar N
 (%
) 
c (4 LPH) n (0, 2g) 6.41 7 < 0.001* 2.01 ± 0.08 3.27 ± 0.16 2g 
p (4 LPH) n (0, 2g) 0.15 7 0.889 2.35 ± 0.17 2.33 ± 0.30 - 
c (0g N) w (2, 8LPH) 0.18 7 0.864 2.48 ± 0.26 2.51 ± 0.17 - 
c (2g N) w (2, 8LPH) 4.26 7 0.004* 3.44 ± 0.12 2.57 ± 0.21 2LPH 
c (4g N) w (2, 8LPH) 1.80 5 0.133 3.25 ± 0.13 3.60 ± 0.22 - 
p (0g N) w (2, 8LPH) 0.10 7 0.926 2.66 ± 0.24 2.61 ± 0.10 - 
p (2g N) w (2, 8LPH) 2.27 7 0.058 2.22 ± 0.13 1.68 ± 0.14 - 
p (4g N) w (2, 8LPH) 0.93 5 0.396 2.80 ± 0.17 2.52 ± 0.18 - 
Foliar H
2 0 (g/cm
2) 
c (4 LPH) n (0, 2g) 2.61 7 0.035* 0.02 ± 0.00 0.02 ± 0.00 0g 
p (4 LPH) n (0, 2g) 0.34 7 0.745 0.01 ± 0.00 0.01 ± 0.00 - 
c (0g N) w (2, 8LPH) 0.80 7 0.451 0.02 ± 0.00 0.02 ± 0.00 - 
c (2g N) w (2, 8LPH) 1.36 7 0.215 0.01 ± 0.00 0.02 ± 0.00 - 
c (4g N) w (2, 8LPH) 1.70 5 0.150 0.01 ± 0.00 0.02 ± 0.00 - 
p (0g N) w (2, 8LPH) 0.05 7 0.962 0.01 ± 0.00 0.01 ± 0.00 - 
p (2g N) w (2, 8LPH) 0.21 7 0.841 0.01 ± 0.00 0.01 ± 0.00 - 
p (4g N) w (2, 8LPH) 0.42 5 0.691 0.01 ± 0.00 0.01 ± 0.00 - 
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 Effect of water 
Increasing the rate at which cotton plants were watered significantly increased height (F=2, df=27.88, 
P<0.001), flowers (F=3.13, df=2, P=0.05) and fruit (F=11.7, df=2, P<0.001).  However, there was no 
difference in the abundance of fruit on cotton between the 4LPH and 8LPH watering rates.  Increasing 
the watering rate also led to a decrease in foliar nitrogen in cotton plants (F=5.96, df=2, P=0.004).  
Water had no effect on the number of squares (F=1.61, df=2, P=0.207), or foliar moisture (F=1.42, 
df=2, P=0.25) of cotton plants (Figure 5.4). 
For pigeon pea plants, increasing rates of water resulted in increased height (F=18.6, df=2, P=0.005), 
more buds (F=3.85, df=2, P=0.026), more flowers (F=9.13, df=2, P<0.001) and more fruit (F=5.58, 
df=2, P=0.006).  It was only at the highest (8LPH) watering rate that significantly more buds and 
flowers were present.  More fruit were present on pigeon pea plants watered at 4LPH and 8LPH than 
at the 2LPH rate.  The two higher rates of watering led to reduced foliar nitrogen levels compare to 
the lowest rate (F=3.93, df=2, P=0.025).  Foliar moisture levels in pigeon pea were unaffected by 
varying the watering rate (F=0.35, df=2, P=0.703).  
 Effect of fertiliser 
For cotton, increasing the application rate of nitrogenous fertiliser significantly increased height 
(F=119.98, df=2, P<0.001), flowers (F=3.73, df=2, P=0.029), fruit (F=114.94, df=2, P<0.001) and 
foliar nitrogen (F=65.05, df=2, P<0.001).  However, increasing the amount of fertiliser beyond 2g, to 
4g nitrogen resulted in no significant increase in plant height or abundance of fruit.  
Neither abundance of inflorescences (F=2.01, df=2, P=0.142) nor foliar moisture (F=1.36, df=2, 
P=0.263) were affected by the rate at which fertiliser was applied to cotton. 
Increasing the rate of fertiliser given to pigeon pea significantly increased plant height (F=5.74, df=2, 
P<0.001), though there was no significant difference in height between 2g and 4g rates.  Adding 
fertiliser at the 2g rate resulted in lower foliar nitrogen levels than at either the 0g or 4g rates (F=9.76, 
df=2, P<0.001). 
The application of fertiliser had no effect on the abundance of inflorescences (F=1.43, df=2, 
P=0.246), flowers (F=0.44, df=2, P=0.647) or fruit (F=2.95, df=2, P=0.059), nor was there any effect 
on foliar moisture levels (F=0.77, df=2, P=0.467). 
 Interaction effect of water and fertiliser 
A significant interaction effect was observed between nitrogen and water treatments on the heights of 
cotton plants (F=7.32, df=4, P<0.001).  In combination, increasing rates of fertiliser and water 
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resulted in significantly taller cotton plants.  Particularly at the highest rate of fertiliser application, 
increasing amounts of water resulted in increasingly tall plants.  So while application of high rates of 
fertiliser did not in itself result in taller plants than plants fertilised at a moderate rate, when combined 
with high watering rates it significantly enhanced cotton plant height. 
An interaction effect between fertiliser and watering rates was also observed for the amount of fruit 
on cotton plants (F=3.12, df=4, P=0.021).  A paucity of nitrogenous fertiliser limited the ability of 
cotton to produce fruit at any rate of water application.  However, once nitrogen was made available 
to the plant, the amount of fruit was increased by increasing the watering rate above the lowest level. 
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Figure 5.4. Experiment 2 – Effect of water (2, 4, 8 litres per hour (LPH) drippers) and fertiliser (0g, 2g, 4g N per 
pot) rate on 10-week old non-Bt cotton and pigeon pea plants.  Arrows indicate significant increases between 
treatment rates and the direction of significant interaction effects. 
 Oviposition preference 
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Mated female H. armigera moths showed significant preferences in four of the eight oviposition trials 
(Table 5.6).  Moths did not discriminate between plants grown with different levels of fertiliser on 
cotton (F=0.31, df=7, P=0.763) or pigeon pea (F=1.65, df=7, P=0.142). 
Moths were more discriminating when provided a choice of plants grown with different watering 
treatments.  The rate at which cotton plants were watered had no effect on oviposition preference 
when no fertiliser was added (F=0.50, df=7, P=0.634).  However, moths preferred plants grown with 
higher rates of water when plants were also provided fertiliser at the 2g (F=2.86, df=7, P=0.024) or 4g 
(F=2.81, df=5, P=0.038) rate. 
More eggs were laid on pigeon pea plants that were grown with higher rates of water in the 0g 
(F=6.45, df=7, P<0.001) and 4g (F=3.41, df=5, P=0.019) fertiliser pairings.  Watering rate had no 
effect on host preference for pigeon pea plants which were provided 2g of fertiliser (F=1.68, df=7, 
P=0.136). 
Table 5.6. Differences in oviposition rates within paired treatments in Experiment 2 oviposition trial.  
Treatments for which moths showed a preference are marked with an asterisk (*).  LPH (litres per hour) refers to the 
irrigation dripper used in the treatment, nitrogen is given as grams of active ingredient. 
Crop 
Water or 
Nitrogen rate Treatments Eggs (mean ± SE) 
cotton 4LPH 0g N 16.75 ± 5.34 
  2g N 19.25 ± 6.51 
pigeon pea 4LPH 0g N 7.75 ± 5.33 
  2g N 12.38 ± 2.95 
cotton 0g N 2LPH 64.12 ± 22.92 
  8LPH 65.00 ± 27.72 
cotton 2g N 2LPH 7.75 ± 3.55 
  8LPH * 19.62 ± 4.11 
cotton 4g N 2LPH 17.33 ± 10.72 
  8LPH * 67.50 ± 18.99 
pigeon pea 0g N 2LPH 13.13 ± 5.68 
  8LPH * 48.88 ± 13.95 
pigeon pea 2g N 2LPH 16.38 ± 2.95 
  8LPH 40.62 ± 14.73 
pigeon pea 4g N 2LPH 12.50 ± 6.40 
  8LPH * 63.33 ± 31.90 
 
Significant differences in plant height were present in six of the eight pairings.  Plant height was the 
most consistent predictor of oviposition preference with each of the trials that showed significant 
oviposition preference corresponding with significantly taller plants. 
Furthermore, in cotton grown at the typical and double fertiliser rate (2g and 4g N per pot 
respectively), an oviposition preference for plants given higher rates of water aligned with plants with 
significantly more fruit present on the preferred plant.  For cotton grown at the 2g fertiliser rate, the 
preferred oviposition host (higher water) had lower foliar nitrogen levels. 
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The only other difference in plant characteristics that corresponded with a significant oviposition 
preference was observed in pigeon pea plants grown at the double rate (4g N per pot) of fertiliser.  
The higher rates of watering that resulted in more eggs being laid on these plants also resulted in 
significantly more inflorescences on these plants. 
Across all cotton plants, a Pearson correlation indicated a positive association between the number of 
eggs laid and foliar moisture (r=0.2588, P=0.0459) (Figure 5.5). 
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Figure 5.5. Experiment 2 – Correlation of H. armigera eggs with foliar moisture on cotton plants. 
Across all pigeon pea plants, a Pearson correlation indicated positive associations between the number 
of eggs laid and plant height (r=0.2294, P=0.0201) and amount of fruit (r=0.3423, P=0.0074) (Figure 
5.6). 
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Figure 5.6. Experiment 2 – Correlation of H. armigera eggs with a) plant height and b) abundance of fruit on 
pigeon pea plants. 
 Larval performance 
There was a significant difference in survival of larvae to day 21 between cotton and pigeon pea crop 
treatments (F=5.26, df=1, P=0.023).  More H. armigera survived to day 21 on pigeon pea compared 
to cotton treatments.  There were also significant effects on larval performance resulting from water 
(F=10.62, df=2, P<0.001) and fertiliser treatments (F=10.47, df=2, P<0.001) (Figure 5.7).  More 
larvae survived to day 21 at the 8LPH watering rate than at the lower 4LPH or 2LPH rates.  The upper 
rate of 4g nitrogen fertiliser per pot had a higher average of larvae surviving to day 21 than the lower 
two rates of 2g and 0g nitrogen fertiliser per pot.  No interaction effects were observed among any of 
the factors. 
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Figure 5.7. Experiment 2 – mean (± standard error) living H. armigera (larvae and pupae) at end of experiment 
(day 21) on a) cotton and b) pigeon pea plants grown under a variety of water and fertiliser treatments.  Significance 
groupings of treatments are calculated separately for cotton and pigeon pea.  LPH (litres per hour) refers to the 
irrigation dripper used in the treatment, fertiliser is given as grams of active ingredient (nitrogen). 
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 Pupae 
Production of pupae was mostly affected by host species and watering rates (Figure 5.8).  Host plant 
species had an effect on the total number of pupae produced (F=15.54, df=1, P<0.001), with more 
pupae produced in pigeon pea than cotton. 
The rate at which plants were watered also impacted upon the number of pupae (F=7.24, df=2, 
P=0.001), with more pupae produced at the 8LPH watering rate than at the 4LPH or 2LPH rates.  
Differing rates of fertiliser had no significant effect on the number of pupae produced (F=1.98, df=2, 
P=0.142). 
An interaction between crop type and watering rate was observed for the number of pupae produced 
(F=6.94, df=2, P=0.001), revealing that it was at the highest watering rate of pigeon pea that the most 
pupae were produced with all other treatments producing fewer pupae. 
No differences between blocks of sowing groups (F=2.06, df=2, P=0.132) or replicate pot treatments 
(F=0.77, df=6, P=0.595) were present in the analysis of pupal weights.  The weights of pupae differed 
depending on the treatments under which host plants were grown (Figure 5.9).  The level of watering 
plants received affected pupal weight (F=12.12, df=2, P<0.001), with average pupal weight increasing 
with increasing rates of water.  Neither host plant species (F=2.47, df=1, P=0.118) nor nitrogen rates 
(F=1.39, df=2, P=0.252) had any significant impact upon pupal weight. 
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Figure 5.8. Experiment 2 – mean (± standard error) H. armigera pupae production from a) cotton and b) pigeon 
pea plants at various combinations of fertiliser and watering rates where LPH (litres per hour) refers to the irrigation 
dripper used in the treatment, fertiliser is given as grams of active ingredient (nitrogen).  Significance groupings of 
treatments are calculated separately for cotton and pigeon pea. 
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Figure 5.9. Experiment 2 – mean (± standard error) H. armigera pupal weights from a) cotton and b) pigeon pea 
plants at various combinations of fertiliser and watering rates where LPH (litres per hour) refers to the irrigation 
dripper used in the treatment, fertiliser is given as grams of active ingredient (nitrogen).  Significance groupings of 
treatments are calculated separately for cotton and pigeon pea.  Sample size is included at base of bars. 
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 Development 
There was a significant difference in development time between sowing blocks (F=21.41, df=2, 
P<0.001) which precluded combining data from all sowing groups into one analysis.  Analysis 
continued with Sowing 1, which accounted for 65 of the total 80 H. armigera surviving to adult (there 
were too few replicates in the other two sowings for analysis to be carried out).  There was no effect 
of the replicates on which pupae developed (F=2.29, df=2, P=0.112) for Sowing 1 (Figure 5.10). 
There was a significant effect of crop type on development time from second instar larvae to adult 
(F=11.21, df=1, P=0.002) with H. armigera developing faster on pigeon pea than cotton.  An 
interaction effect also existed between crop type and rate of water application (F=3.53, df=2, 
P=0.037).  Development times were similar on cotton plants regardless of the rate at which they were 
watered, however, development of H. armigera on pigeon pea was significantly longer when plants 
were watered at the 4LPH rate.  Decreasing or increasing the watering rate resulted in shorter 
development times on pigeon pea. 
Neither watering rate (F=0.55, df=2, P=0.581) nor rate of fertiliser application (F=0.83, df=2, 
P=0.444) had any overall effect on development time of H. armigera.  No further interaction effects 
between crop type, watering rate and fertiliser application were observed. 
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Figure 5.10. Experiment 2 (Sowing 1) – mean (± standard error) development time of H. armigera from second 
instar larva to adult emergence, on a) cotton and b) pigeon pea plants grown under a combination of watering (LPH 
(litres per hour) refers to the irrigation dripper used in the treatment.) and fertiliser rates.  Significance groupings of 
treatments are calculated separately for cotton and pigeon pea (development time did not differ among treatments in 
cotton).  Sample size is included at base of bars. 
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5.4. Discussion 
Experiment 1 was useful to observe how performance of H. armigera larvae is affected by different 
host crop type and fertiliser application rates when water is limiting to the point of plant stress.  
Experiment 2, however, sought to bring consistency across all treatments, delivering known volumes 
of water to assess how plants grew and supported larvae under a range of growing conditions.  As 
such, it is not appropriate to compare the results from the two experiments, particularly in regard to 
watering rates. 
On cotton, moths preferred plants that were supplied more water, provided they also had fertiliser.  
Similarly, pigeon pea plants that were grown under higher rates of watering were also preferred hosts, 
but only when given no fertiliser or fertiliser at a double rate.  Moths did not distinguish between 
plants that had been grown under low and high watering rates when given the typical field rate of 
fertiliser.  This has implications for the way that pigeon pea refuges are managed if they are to be 
preferred hosts for oviposition.  Legume seeds such as pigeon pea are inoculated with nitrogen fixing 
rhizobia prior to planting so they can effectively produce their own nitrogen.  The pigeon pea plants in 
these experiments were not inoculated though still may have developed the association with rhizobia.  
To maximise attractiveness, pigeon pea needs the right amount of nitrogen and the interplay of 
rhizobia and fertiliser warrants further investigation. 
The largest factor in Experiment 1 affecting survival of larvae on both cotton and pigeon pea was 
water.  The wilting treatment consistently resulted in fewer larvae surviving and developing slower 
than those in other watering treatments.  The industry best practice application rates for water and 
fertiliser allowed the most larvae to survive.  Adding nitrogen beyond recommended levels had no 
further beneficial effects in cotton or pigeon pea at any watering rate. 
Low survival on water stressed plants is inconsistent with White’s hypothesis (White, 1969; 1974; 
1978; 1984) and Thomas and Hodkinson’s (1991) findings, where water stress increases survival of 
early instar larvae.  However, plants in those experiments were only stressed to wilting immediately 
prior to introducing larvae.  Plants in Experiment 1 that formed the wilting treatment were grown 
under continued stress for most of their development.  Under treatment of repeated cycles of wilting 
stress and recovery, neither cotton nor pigeon pea were good hosts for larvae. 
Waterlogging plants caused a slight significant reduction in larval survival on both cotton and pigeon 
pea, although the effect was not as strong as that caused by as wilting stress.  While the waterlogging 
treatment certainly impacted upon the growth of plants, whether it represented an actual stress is 
questionable.  Pots were still able to drain and only the bottom 50mm was always submerged. 
Chapter 5: Implications of irrigation and fertiliser application on preference and performance of 
Helicoverpa armigera (Hübner) on non-Bt cotton and pigeon pea 
- 118 - 
Larval development time in experiment 1 was significantly longer in cotton than pigeon pea, a result 
consistent with Doss (1979), though this experiment did not elucidate whether this was due to the 
effect of crop or time of year that the cotton and pigeon pea larval survival trials ran.  Although 
temperature in the glasshouse trials was maintained at 25°C, differences in day length between the 
two experiments may have contributed to development being more rapid on pigeon pea.  Additionally, 
while all H. armigera larvae were sourced from the same colony, different generations were used, 
again limiting the validity of comparing crop type. 
Larval and pupal weight measurements were not made in Experiment 1, the advantage of which was 
that larvae had minimal interference.  However, the benefit of such data in comparing fitness of larvae 
and pupae meant that pupal weights were taken in the second experiment. 
Experiment 2 built upon many of the lessons learned from the shortcomings of its precursor.  To 
better assess the effect of crop type, water and nitrogen treatments, it included measurements of foliar 
water and nitrogen content as is typical of such experiments (Firempong and Zalucki, 1990a; 1990b).  
The results, while not as pronounced, still demonstrate that watering and fertiliser rates are important 
factors to consider in the survival of H. armigera larvae on both cotton and pigeon pea. 
Pigeon pea was again demonstrated to be a better larval host than cotton, with more larvae surviving 
to pupation than in most corresponding cotton treatments.  The results from Experiment 2 indicate 
several interesting interaction effects between crop type, water and fertiliser rate treatments. 
Survival rates on cotton generally responded to changes in fertiliser; increasing available nitrogen 
increases plant size, vigour and corresponds with foliar nitrogen measurements and increasing 
survival rates.  When water is limiting, more larvae were able to survive on a higher nitrogen food 
source.  However, as larvae increase in size and potentially switch food sources, the advantage of 
higher foliar nitrogen appears to diminish.  Higher foliar nitrogen levels in cotton match well with 
higher rates of larval survival at early instars. 
Fertiliser application appears to be less important for survival of larvae in pigeon pea.  While pigeon 
pea plants were larger when given nitrogenous fertiliser, they did not also show increasing foliar 
nitrogen levels.  Watering rates were more important in altering survival rates of larvae on pigeon pea.  
At each rate of fertiliser application, increasing the amount of water available to the plant increased its 
capacity to support more larvae. 
Although increasing fertiliser rates corresponded well with increasing foliar nitrogen in cotton, it did 
not in pigeon pea.  In pigeon pea, application of fertiliser at a typical rate resulted in the lowest foliar 
nitrogen levels, with the zero and double rate having comparable levels.  This is likely due to the 
ability of pigeon pea to fix atmospheric nitrogen through its symbiotic relationship with rhizobia.  
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Although pigeon pea seed was not inoculated, the relationship may have still formed with residual 
bacteria present in soil.  At the zero fertiliser rate, rhizobia may have been actively adding nitrogen, 
but the application of nitrogen fertiliser may have discouraged node formation.  Presence of soil 
nitrogen has been shown to suppress nodule formation in pigeon pea (Chemining'wa et al., 2007), as 
well as impact upon the nitrogen fixation capability of several rhizobial strains (Abdel-Aziz, 2001).  
Unfortunately, the inspection of root nodules was not undertaken in this study.  Nevertheless the 
suppression of rhizobial activity may explain why the typical fertiliser rate had the lowest foliar 
nitrogen levels, which only increased once the fertiliser rate was doubled.  At the lowest watering rate 
in pigeon pea, survival of larvae was lowest at the typical fertiliser rate (which also expressed the 
lowest foliar nitrogen levels).  This may suggest that higher foliar nitrogen is an important indicator of 
larval host quality in pigeon pea plants that receive lower quantities of water. 
Foliar nitrogen rates did not correlate with survival rates of H. armigera consistently across all 
treatments in cotton or pigeon pea.  A more extensive measurement of more plant nutrients may be a 
better indicator of a plant being a good host for larval survival. 
While plants are affected by the interactions between soil nitrogen and rhizobia, so too are the 
herbivores which feed on them. In a study of rhizobia and plant defenses, soybean plants that were 
reliant on rhizobia for nitrogen produced more secondary plant defense metabolites than plants that 
were provided with nitrogen as a fertiliser (Dean et al., 2014).  While increased secondary plant 
defense metabolites increased performance of the leaf chewer soybean podworm (Helicoverpa zea 
(Boddie)), there was no effect on the performance of the phloem-feeding soybean aphid (Aphis 
glycines Matsumura).  For legumes like pigeon pea, growing a good larval host is not as simple as 
providing the plant nitrogen as fertiliser or inoculating with symbiotic rhizobia.  Plant nutrition affects 
herbivore nutrition, and while a plant may appear to be a good host, it may be better able to defend 
itself than a poorer host. 
Cannibalism was not observed at any time in the experiment, since records were taken every two days 
at about 10 minutes per replicate.  While sufficient for tracking larval numbers, it was not possible to 
determine the cause of attrition.  The density of larvae without the ability to disperse probably resulted 
in cannibalism, particularly on the poor, low water treatment (Kakimoto et al., 2003). 
Biomass measurements were not obtained in either experiment, although visual observations of plants 
after the end of the trial indicated that although some plants were good hosts for a generation of 
larvae, they would prove to be poor hosts for subsequent larvae as a result of fruit removal and 
defoliation.  Biomass sampling with the inclusion of a control would have given an indication as to 
whether water and nitrogen treatments have an effect on the ability of a refuge to better maintain fruit 
and foliage biomass during heavy herbivore infestation for larvae later in the season.  More directly, 
conducting the survival trial again on the same plants would show the effect of early season damage 
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on larvae developing later in the season, similar to that reported by Branson (2010).  Due to limited 
resources, this could not be undertaken during these experiments. 
Additional observations of pupae made in Experiment 2 allowed for a better measure of H. armigera 
production (pupae and adults) than simply H. armigera larval survival.  Although most H. armigera 
had pupated by day 21, some larvae remained on plants at this time.  The hosts of these remaining 
larvae were likely sufficient to sustain them, but not to support development to pupation.  While there 
was high larval survival during the observation period, there is a marked reduction in numbers of 
pupae actually produced from some treatments.  Interfering with larvae and pupae, moving them 
through different environments and general handling increases the mortality risk and even fewer 
pupae survived to the adult stage. 
While more pupae were produced from pigeon pea than cotton, the key factor that resulted in fitter, 
larger pupae was the rate at which plants were watered, with well-watered plants producing the largest 
pupae.  The weights of pupae from pigeon pea were not significantly greater than those from cotton, 
though this has been asserted previously (Rajapakse and Walter, 2007).  The addition of other 
treatments into this study may have obfuscated the results, making it more difficult to determine 
differences in pupal weights resulting from larval host alone. 
Development times for H. armigera were shorter on pigeon pea than on cotton plants in both 
experiments, a result consistent with Rajapakse and Walter (2007).  In both cotton and pigeon pea, 
addition of nitrogenous fertiliser to plants led to reduced development times for H. armigera.  The 
addition of fertiliser to cotton resulted in more vigorous plants that had higher foliar nitrogen levels, 
which in turn were more nutritious for H. armigera and led to shorter development times.  For pigeon 
pea, however, addition of fertiliser at double the normal rate increased foliar nitrogen compared to the 
normal fertiliser rate, but led to an increase in development times for H. armigera. 
For a refuge to be successful, it needs to produce fit moths.  While it was demonstrated that cotton and 
pigeon pea produced pupae of a similar size, pigeon pea on average produced almost five times more 
pupae than cotton.  However, for pigeon pea to be most effective, it needs to be watered well.  A high 
rate of watering on pigeon pea plants meant an average of seven times more pupae than the lower 
watering rates in pigeon pea.  The greater the number of pupae and subsequent moths that can be 
produced from a refuge, the longer resistance can be delayed. 
Long development times increase the risk of predation and disease and so could be considered 
undesirable when attempting to maximise production.  The results from this study suggest that using 
pigeon pea as a refuge crop would result in shorter development times but there is the possibility that 
moths produced would not mix with moths surviving from Bt cotton, due to different development 
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times.  There can also be a fitness cost associated with resistance to some Bt toxins which delays 
development of H. armigera on several hosts including Bt cotton (Bird and Akhurst, 2004; 2007). 
The findings of these experiments indicate that neglecting watering a cotton or pigeon pea refuge is 
detrimental to moth preference and larval performance.  Applying water stress to refuges has no 
perceivable benefit to production of Helicoverpa spp. moths.  While applying water stress to plants 
can, in some instances make them better hosts for herbivores, application in this system is limited.  
Refuges need to be productive throughout the growing season.  Even if a refuge could be enhanced in 
this way, the benefits would be short-lived and subsequent efficacy of the refuge compromised. 
5.4.1. Experimental constraints 
A potential concern with Experiment 1 was the manner in which water was applied to each replicate.  
The intention was to maintain plants at different stress levels, which was achieved and was significant 
to the survival of larvae, but was not conducive to maintaining consistency across each of the 
treatments.  As an example, pigeon pea reached wilting point sooner than cotton plants in response to 
the low watering treatment.  Thus, more water was applied to the pigeon pea wilting treatments than 
the cotton wilting treatments.  A higher variability among pigeon pea plants also meant that wilting 
point varied within treatments and that the plants received water at different times.  The method of 
application of water in Experiment 1 was also potentially flawed as it relied on visual observation of 
plant physiology – a wilting leaf.  This may not be a reliable indicator therefore it was possible that 
plants showing similar leaf wilting characteristics were actually at different levels of water stress. 
Despite taking place in a sealed glasshouse, weather was a factor that potentially impacted upon 
results from both experiments.  High wind and hail damaged sections of the glasshouse where the 
experiments were conducted, making openings in roof panels to the outside environment for about 
two days during the plant growing stage of Experiment 2.  As a result, pest management was 
compromised and temperature control was not able to be maintained, exposing plants to cooler than 
ideal temperatures. 
Staggering Experiment 1 into two distinct phases by crop type meant that the results from cotton and 
pigeon pea were not able to be compared as they were conducted at different times.  Although the 
glasshouse was temperature controlled, other factors, including weather, day length, humidity and 
which generation of larvae used would have impacted upon the results in some way.  The same 
constraints of time and space meant that Experiment 2 also had to be split into several phases; 
however, with this experiment replicates of each treatment were split evenly across the three phases.  
In this way confounding variables could be accounted for by blocking across time. 
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H. armigera moths consistently showed an oviposition preference for taller plants, a finding 
consistent with literature (Firempong and Zalucki, 1990b).  Within such a contained environment it is 
questionable just how capable moths are at discerning height of potential hosts.  It is possible, for 
instance, that moths in this experiment were not actually showing preference for taller plants, since 
taller plants took up more space in the arena.  Even if the moths were laying at an even rate over all 
surfaces, more eggs would be laid upon larger plants and the analysis would show preference for 
height.  In turn, oviposition preference would be shown for all other plant characteristics that align 
with larger plants, such as more flowers and fruit.  In retrospect, trimming plants so they are of 
comparable height may have reduced the impact that height of plants plays in oviposition preference.  
However, trimming plants may have resulted in removal of plant characters, such as flowers, which 
were being investigated for their effect on oviposition preference. 
Time was the most limiting constraint.  Larvae were only observed over two or three weeks, at the 
end of which larvae remained on some plants.  It is possible that these plants might have supported 
those larvae to pupation and then produce moths, but time constraints prevented this from being 
determined. 
While methods in sampling leaves of cotton for analysis are well documented, the sampling of pigeon 
pea leaves was not.  Consistency in sampling was made more difficult by the high variability in 
growth habit of pigeon pea plants compared to the bred line of plants that was used for cotton. 
The experiments are useful for assessing the effect of water and nitrogen on oviposition preference 
and larval performance of H. armigera.  It is limited in that it is only an instance in the development 
of plants.  Were the plants tested when they were older, it is possible that results may have differed.  
Slower developing plants may have become ideal hosts and the more vigorous treatments no longer 
the best for larvae. 
To better assess oviposition preferences of moths, field-caught H. armigera and punctigera moths 
might have been tested.  While this may have reduced problems such as naivety, associated with using 
moths from laboratory colonies, wild moths may have had previous experience with certain hosts that 
would have an effect on their preferences.  While rearing H. armigera larvae on artificial diet does not 
impact upon host preference for adult moths, experience with hosts as an adult increases preference 
for that host (Firempong and Zalucki, 1991) and as such would present problems of its own.  For this 
reason, as well as for consistency in other factors including age, the moths used were all from a 
laboratory colony. 
Another possibility was to use tethered insect oviposition choice using leaf discs (Jallow and Zalucki, 
1995; Jallow and Zalucki, 1996).  The experiment may require a large number of replicates to obtain a 
true indication of oviposition preference due to the natural variability of preference that exists within 
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and between populations of H. armigera (Jallow and Zalucki, 1995; Jallow and Zalucki, 1996).  This 
method would have allowed for far more replicates to be tested simultaneously, as well as enabling a 
true measure of preference according to foliar nitrogen and moisture without the potential 
confounding effects of other plant characteristics. 
Using pairs of plants for oviposition testing required many plants to be grown for limited replicates of 
actual treatment pairs.  Limitations of space in which to grow plants and test oviposition restricted the 
number of plants that were able to be grown.  Thus, Experiment 2 had fewer replicates than was ideal.  
Had more plants been grown and more replicates tested, the effects that plant characteristics have on 
oviposition preference may had been better examined.  Determining a preference order may have also 
been possible had more time, space and plants been available. 
A possible confounding variable exists in that plants were grouped into treatment blocks in 
Experiment 1.  Although this facilitated their management, randomisation of pot placement during 
both growing and testing would make for a better design.  Experiment 2 was able to randomise spatial 
distribution of replicates during both growing and testing. 
The high mortality of H. armigera at the egg (Kumar et al., 2009) and initial larval stages (Kyi et al., 
1991) was avoided through adding late second instar larvae.  This meant, however, that the effect of 
water and nitrogen on survival at the early life stage could not be assessed.  Neonate larvae may have 
been added instead, but at a higher rate.  This would have proven useful in gauging the effect of 
agronomic factors across the entire larval stages, but would have been too problematic in tracking 
larvae and maintaining consistency between treatments. 
5.5. Conclusion 
These experiments allowed for observation of oviposition preference and larval performance of H. 
armigera larvae in the absence of several mortality factors including predation and weather.  Under 
these conditions, effects of crop type, watering and fertiliser rates were each observed. 
Both experiments give a clear indication that given access to the same levels of water and nitrogen 
resources, pigeon pea is a better host for H. armigera than cotton.  The degree of watering of a plant is 
important in determining how many larvae will survive, particularly when limited to the point of 
wilting.  Although research in other systems has determined that a temporary water stress may 
increase performance for some leaf-chewing insects, persistent watering stresses are detrimental to the 
performance of H. armigera.  Adding fertiliser at rates in excess of optimum levels does not increase 
survival rates of larvae.  There are, however some interesting effects that occur in both cotton and 
pigeon pea at low watering rates which suggest that manipulating fertiliser levels is important when 
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water is limiting.  Note that foliar nitrogen was not a reliable measure of how successfully a host plant 
will support larvae and should not be used to measure refuge quality. 
Water is critical to the maximum production of pupae from pigeon pea.  A well-watered pigeon pea 
refuge is more likely to sustain larvae to pupation and consequently be more effective at delaying Bt 
resistance than minimally watered pigeon pea or cotton refuges. 
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Chapter 6: Effect of feeding on specific plant parts on the 
development of Helicoverpa armigera (Hübner) 
6.1. Introduction 
Insect herbivores such as Helicoverpa armigera (Hübner) are dependent on their host plants for 
survival because they provide shelter from predation and the food necessary for growth and 
reproduction.  Many plant species have been shown to differ in their quality as hosts for Helicoverpa 
spp.  In particular, larval development time is one aspect which has been shown to be affected by 
varying species of host plant.  A recent study found that H. armigera can take from 31.7 days on 
chickpea (Cicer arietinum) up to 45.4 days on tomato (Solanum lycopersicum) to complete its 
development (Razmjou et al., 2014).  In addition to increasing development time, poor larval hosts 
can result in decreased fitness.  For example, H. armigera reared on tropical soda apple (Solanum 
viarum) have reduced pupal weights compared to those reared on meridic diet (Srinivasan et al., 
2013).  Another study found H. armigera larvae reared on maize (Zea mays) and okra (Hibiscus 
esculentus) had higher rates of mortality, lower pupal weights and reduced fecundity compared to 
those reared on other plant hosts (Jallow et al., 2001).  First instar H. armigera larvae modify their 
feeding behaviour on different plant species by eating different parts of the plants (Johnson and 
Zalucki, 2005). 
Although pigeon pea has been shown to support better larval performance than other plant hosts 
(Rajapakse and Walter, 2007), the individual contributions that plant parts make towards development 
and fitness vary.  The fruit of pigeon pea (Cajanus cajan) is a superior larval food source for H. 
armigera to that of flowers or leaves of pigeon pea.  Larvae which are reared on pigeon pea fruit have 
higher larval and pupal weights, and shorter development times, compared to those reared on pigeon 
pea leaves which have longer development times and are the lightest as larvae and pupae (Sison and 
Shanower, 1994).  In H. armigera, a larval diet of different parts of cotton plants can have effects on 
fitness of adults.  For instance, larvae reared on cotton (Gossypium hirsutum) bolls have greater flight 
distances as adults than those reared on squares or leaves (Wu and Guo, 1997). 
Not all parts of plants (leaves, flowers, fruit) are readily available as a food source over the life of a 
host plant.  An in-depth understanding of larval performance of H. armigera on plant hosts such as 
cotton and pigeon pea is important to predict how populations of Helicoverpa spp. will develop under 
varying host physiological stages.  This experiment sought to determine if differential feeding on 
plant parts of cotton and pigeon pea had an effect on the survival, development and fitness of H. 
armigera larvae. 
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6.2. Materials and methods 
Larvae for use in the experiment were reared from the H. armigera general rearing (GR) colony at the 
Australian Cotton Research Institute (ACRI) near Narrabri.  Batches of second and fourth instar 
larvae were generated prior to the commencement date so that they, along with neonate H. armigera, 
all began testing on the same day, the 1st February 2013.  Each individual larva was contained within 
a plastic specimen jar of approximately 50mm in diameter and 100mm in height and was provided a 
food source as a treatment.  There were 10 replicates within each treatment. 
Diet treatments tested included a meridic control treatment, and leaves, flowers or fruit from either 
non-Bt cotton (Sicot 71 RRF (Roundup Ready Flex)) or pigeon pea (off-type descendant of variety 
Quest).  Leaves were taken from the third node from the apical tip of cotton plants, and fifth node of 
pigeon pea plants, as they were typically the newest, fully-expanded leaves.  Flowers of cotton were 
newly opened flowers.  Flowers for pigeon pea were clusters of opened and unopened flowers.  
Developing fruit of cotton (bolls) and pigeon pea (pods) were used.  Cotton bolls were no smaller than 
40mm in length and unopened.  Pigeon pea pods were greater than 60mm in length and had not begun 
to desiccate. 
Larvae were checked daily and food sources replenished as they were consumed.  Fresh food was 
placed in containers and the old food removed only once the larva commenced feeding on the new 
material, though this sometimes did not occur until the next day (some food sources which were not 
consumed quickly began to show signs of spoilage such as loss of turgor and browning).  Food for 
larvae was never limiting.  Plant material was collected the morning testing commenced and as 
required from then on from field plots of non-Bt cotton and pigeon pea.  Meridic diet was also 
replenished as required.  Cotton flowers were replaced almost daily (spoiling very quickly once 
removed from plants). 
Observations of larval mortality and life stage were made daily.  At pupation, insects were removed 
from testing chambers, weighed accurately to 0.0001g, and placed into 30mL plastic containers.  
Pupae were returned to the control temperature room and observed.  The date of emergence, along 
with observations of the condition of the moth, were recorded. 
6.2.1. Statistical analyses 
Each of the three starting instar groups (neonate, second and fourth instar larvae) was analysed 
independently. 
Kaplan-Meier analysis was used to test survival of H. armigera larvae.  The number of days to death 
of individuals was used as time-points, grouped by treatment (diet).  Individuals that died during the 
pupal stage had their time to death recorded as time from the start of the experiment to pupation.  This 
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study focussed on mortality during the larval and pupal stages, so individuals were excluded from the 
observation group (censored) upon reaching the adult stage.  The effect of food source on 
development time of H. armigera was also tested using Kaplan-Meier analysis.  Development time 
was measured using counts of the total days from the start of the experiment (neonate, second, or 
fourth instar) until emergence as adult moths.  Survival curves were compared using nonparametric 
tests with a 95% confidence interval. 
An unbalanced analysis of variance was required to interpret pupal weight data due to unequal sample 
sizes between treatments.  Data did not require normalisation.  LSDs (least significant differences of 
the means, α=0.05) were used to identify significant differences between treatments.  For results with 
unbalanced replication, the average least significant difference across all treatments was used to 
determine groups. 
All statistics were completed in GenStat 16th edition using 5% significance levels. 
6.3. Results 
6.3.1. Larval mortality 
Kaplan-Meier analysis revealed a significant difference in time to death among treatments for larvae 
commencing the trial at neonate (log-rank F=57.667, df=6, P<0.001), second instar (log-rank 
F=36.667, df=6, P<0.001) and fourth instar (log-rank (F=16.736, df=6, P=0.01) stages (Figure 6.1). 
Regardless of the starting instar, very few H. armigera died during the larvae stage when reared on 
meridic diet, with most surviving to adult.  Other treatments also had similarly low larval mortality, 
which precluded a median time to death from being calculated in the analyses (Table 6.1). 
The shortest time to death for neonate larvae was 0 (95% CI 0-3) days on cotton flowers and 3 (95% 
CI 0-3) days on pigeon pea flowers.  Survival was slightly better on cotton leaves, but longest times to 
death were observed on cotton fruit, pigeon pea leaves and pigeon pea fruit. 
Second instar larvae also had a short time to death on cotton flowers (five days), but performed better 
on pigeon pea leaves and cotton fruit (15 and 19 days respectively).  A diet of pigeon pea flowers or 
pigeon pea fruit allowed most second instar larvae to reach adulthood. 
Cotton flowers were also the poorest host for fourth instar larvae with a median time to death of five 
days.  Larvae survived longer on cotton fruit, pigeon pea leaves, pigeon pea flowers and pigeon pea 
fruit. 
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Figure 6.1. Cumulative mortality for neonate, second and fourth instar H. armigera larvae reared on different 
diets. 
 
Chapter 6: Effect of feeding on specific plant parts on the development of Helicoverpa armigera 
(Hübner) 
- 131 - 
Table 6.1. Results of Kaplan-Meier analysis showing median time to death of H. armigera larvae/pupae in days 
and associated 95% confidence interval (CI).  Individuals were censored upon reaching the adult stage.  Some values 
could not be calculated where the majority of H. armigera survived to adult within a treatment, and are marked with 
an asterisk (*). 
 
Time to death (days) 
neonate second instar fourth instar 
Treatment median CI median CI median CI 
meridic diet * 15-* * 12-* * * 
cotton leaf 2 0-7 19 0-* 8 5-* 
cotton flower 0 0-3 5 4-8 5 0-11 
cotton fruit 17 9-20 19 18-20 13 11-* 
pigeon pea leaf 11 0-15 15 0-20 11 0-* 
pigeon pea flower 3 0-3 * 18-* 10 9-14 
pigeon pea fruit 14 11-15 * 16-* 15 10-* 
 
In each of the neonate, second and fourth instar starting groups, H. armigera feeding on meridic diet 
survived the first four larval instars, only dying at the fifth instar or later (Table 6.2). 
For H. armigera commencing at the neonate stage, there were high attrition rates during first and 
second larval instars for most treatments particularly for cotton flowers and cotton leaves, though 
larvae reared on pigeon pea fruit survived longer, dying at the fourth or fifth instar (F=16.57, df=6, 
P<0.001). 
Feeding on cotton flowers resulted in high mortality at the third instar for the group commencing as 
second instar larvae.  A food source of cotton leaves also resulted in death of some larvae at the third 
instar, but most attrition occurred at or after reaching the fifth instar (F=15.63, df=6, P<0.001). 
Differences were less marked for larvae starting treatment at the fourth instar, though cotton leaf and 
cotton flower food sources resulted in earlier death of larvae, from the fourth instar (F=6.98, df=6, 
P<0.001). 
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Table 6.2. Life table showing mortality of H. armigera as a percentage of initial cohort.  Dashes indicate instars 
not tested 
 
 
Life stage – mortality (%) 
Starting instar Treatment 
1st 
instar 
2nd 
instar 
3rd 
instar 
4th 
instar 
5th/6th 
instar pupa 
neonate meridic diet     10 20 
 cotton leaf 60  20    
 cotton flower 70 30     
 cotton fruit 10 10 20 20 20 20 
 pigeon pea leaf 50   10 30 10 
 pigeon pea flower 50 40 10    
 pigeon pea fruit   10 50 40  
second meridic diet -    10 40 
 cotton leaf -  30  40  
 cotton flower - 20 60 10  10 
 cotton fruit -   10 10 70 
 pigeon pea leaf -     80 
 pigeon pea flower -     40 
 pigeon pea fruit -    40  
fourth meridic diet - - -    
 cotton leaf - - - 10 50  
 cotton flower - - - 30 30 40 
 cotton fruit - - -  10 60 
 pigeon pea leaf - - -   70 
 pigeon pea flower - - -  10 70 
 pigeon pea fruit - - -  50 20 
 
6.3.2. Pupal weight 
The weights of H. armigera pupae varied according to their larval food source, though responses 
differed slightly depending on the larval instar at which they commenced treatment (Figure 6.2).  For 
the neonate group, there was no effect of food source on pupal weight between meridic diet, cotton 
leaf and pigeon pea flower treatments (F=3.61, df=3, P=0.076).  Food source did have a significant 
effect on pupal weights of larvae commencing at second instar (F=10.02, df=5, P<0.001), with 
lightest pupae observed from pigeon pea leaves and heaviest from cotton fruit, meridic diet and 
pigeon pea fruit.  A food source of pigeon pea leaves also resulted in the lightest pupae for the fourth 
instar group (F=26.7, df=5, P<0.001), with the heaviest pupae having been reared on meridic diet. 
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Figure 6.2. The effect of diet type on pupal weight of H. armigera, reared from neonate, second or fourth larval 
instars.  Numbers at the base of columns represent the number of replicates within each treatment. 
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6.3.3. Development time 
The effect of food source on total development time to adult differed between starting instar groups 
(Table 6.3).  Under the conditions of this experiment, neonates survived to their adult stage only when 
reared on meridic diet or cotton leaves.  Development times were significantly longer for H. armigera 
reared on cotton leaves than meridic diet (log-rank F=3.956, df=1, P=0.047). 
For those larvae reared from second instar, at least one individual survived to the adult stage in each 
treatment with the exception of those reared on cotton flowers.  The diet on which larvae were reared 
impacted upon the time taken to develop from second instar larvae to adult moths (log-rank F=16.437, 
df=5, P=0.006).  The shortest development times were observed on the meridic diet control (26 days).  
Development took five to six days longer on pigeon pea flowers, pigeon pea fruit, cotton fruit and 
cotton leaf treatments and took longer still on pigeon pea leaf. 
In the group testing from the fourth instar larval stage, cotton flowers were again the only treatment 
where no individuals survived to adult.  Food source had a significant effect on development times 
(log-rank F=16.546, df=5, P=0.005), with those larvae reared on the meridic diet control and pigeon 
pea fruit having shorter development times (21 days) than larvae reared on other treatments.  Larvae 
fed a diet of pigeon pea leaves took the longest time to develop into adult moths (26 days). 
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6.4. Discussion 
Neonates were the group most at risk of death over the course of the experiment, needing more time 
to complete development than the second or fourth instar larval groups.  While mortality in the 
neonate group was highest in the first two larval instars, those that survived into later larval instars 
still had high attrition rates on most plant food sources.  Surprisingly, the best plant food source for 
early instar larvae was cotton fruit, having the lowest attrition rate up to second instar.  However, 
terminal growth and squares are preferred by larvae ahead of bolls in the field (Wilson and Waite, 
1982). 
It was anticipated that survival rates in the fourth instar larvae group would be higher, given that 
individuals had already completed much of their development on meridic diet.  Changing food 
sources available to late instar larvae can contribute to mortality.  For the butterfly Speyeria 
mormonia (Boisduval), restricting food sources available to final instar larvae decreased survival 
(Boggs and Freeman, 2005).  High survival in the fourth instar group would have indicated ideal plant 
food sources for late instar larvae.  While most larvae in the cotton leaf and pigeon pea flower groups 
completed development with little reduction in pupal weight compared to the control meridic diet, 
pupal mortality was high.  It is possible that the higher mortality in the fourth instar group, compared 
with the second instar group may result from having no previous exposure to plant toxins, though this 
assertion would require further investigation. 
Restricting H. armigera to one type of food source was likely to have caused issues for larvae in 
reaching their nutritional goals.  Cotton flowers were the poorest food source for each starting larval 
instar, and are not considered to be a useful food source in this study.  However, flowers spoiled very 
quickly when removed from plants, so this experiment does not accurately reflect cotton flowers as a 
food source in the field. 
Insects of greater mass are fitter and more fecund than their lighter counterparts (Honek, 1993; 
Tammaru et al., 2002).  While differences in pupal weight were unable to be calculated for the 
neonate group, the effects of food source on pupal weight were consistent across the second and 
fourth instar larvae groups.  Fruit of both cotton and pigeon pea produced the fittest pupae, while the 
smallest pupae were reared on pigeon pea leaves.  The longer that larvae were provided the diet, the 
greater the effect on weight, with difference among treatments more evident in the second instar 
group.  While larval development can be completed on foliage alone, plant reproductive structures are 
important if populations of H. armigera are to thrive. 
H. armigera larvae feeding on the reproductive parts of pigeon pea (fruit and flowers) are also 
benefitted by shorter development times.  Pigeon pea leaves were also the poorest food source in this 
regard, having the longest development times. 
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Frequency of survival did not always align with larger pupae.  More larvae survived on pigeon pea 
leaves than cotton fruit, but were also substantially lighter as pupae.  Are populations of H. armigera 
benefitted more by fewer larger moths or an abundance of smaller moths?  In their management as 
pests in Bt cotton, maximum production of Bt-susceptible moths from refuges is desirable.  The 
purpose of these moths is to mate with Bt resistant moths emerging from Bt cotton to delay the onset 
of resistance.  While greater numbers of susceptible moths would decrease the likelihood of resistant 
moths mating, that advantage is diminished if the susceptible moths have reduced flight capabilities 
and lower fecundity. 
6.5. Conclusions 
A host plant will not always have all types of vegetative and fruiting bodies present throughout its 
development.  This could result in difficulties when making predictions of insect growth in refuge 
crops as generalisations may be drawn, failing to take into account the growth-specific stage of the 
plant.  Knowing the effect that plant parts have on survival of H. armigera is critical to assessing the 
quality of refuges. 
The results from this experiment make it clear that cotton or pigeon pea require reproductive plant 
parts to produce the maximum number of fit Helicoverpa spp. moths.  In particular, poor management 
to the degree that very few flowers and fruit are produced is likely to result in compromised 
effectiveness of pigeon pea refuges. 
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Chapter 7: General discussion 
Refuges are an important part of the Resistance Management Program (RMP) for Bt cotton.  
However, as highlighted in Chapter 2, there are major gaps in our understanding of refuge efficacy.  
In particular, there were deficiencies in research relating to insect herbivore density dependent 
relationships with their plant hosts, especially in transgenic cotton agricultural ecosystems, and 
preference / performance of Helicoverpa spp. on plant hosts of varying quality. 
Therefore, the aims of this thesis were to determine an upper carrying capacity for Helicoverpa spp. in 
the two Bt cotton refuge types (cotton and pigeon pea) and to determine if it could be increased with 
the application of insecticide to which Helicoverpa spp. are resistant, thus removing predators from 
refuges.  Additional aims were to assess the impact of plant irrigation and fertiliser on oviposition 
preference and larval performance, and the impact of different plant parts as food sources on 
development of Helicoverpa spp. 
This section will outline how the aims of this thesis were addressed by presenting the main findings, 
and then discussing the significance of these findings, particularly with respect to how they fill the 
gaps in our current understanding of refuge efficacy. 
7.1. Results and findings 
Management strategies to maximise production of Bt-susceptible Helicoverpa spp. moths from Bt 
cotton refuges were investigated with findings reported in this thesis.  The common topic in each 
experimental Chapter was the assessment of the current refuge options of non-Bt cotton and pigeon 
pea.  Each experiment demonstrated clear differences between the two crop types. 
Of the two refuge types, pigeon pea was a far better host plant for sustaining populations of 
Helicoverpa spp.  Chapter 3 demonstrated a distinct oviposition preference for pigeon pea over cotton 
and larval densities were also much higher in pigeon pea, a finding supported by the analyses in 
Chapter 4 which found that Helicoverpa spp. larvae were always strongly associated with pigeon pea.  
It is not only an oviposition preference for pigeon pea which makes it a productive refuge choice; it is 
a far better host for larvae than cotton.  Under the same crop management methods and stocking rate 
of H. armigera larvae, in field experiments pigeon pea produced up to five times more pupae than 
cotton.  So, while determining upper carrying capacities for cotton and pigeon pea proved to be 
problematic, it was clear that cotton was not as effective as pigeon pea at maintaining any density of 
Helicoverpa spp. larvae.  This result was echoed in the findings of Chapter 5; in manipulating 
resources available to plant hosts, both experiments give a clear indication that given access to the 
same levels of water and nitrogen resources, pigeon pea was a better host for H. armigera than cotton.  
Decreased rates of irrigation lead to drastic reductions in the ability of both cotton and pigeon pea 
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plants to support H. armigera larvae.  Chapter 6 added to these findings by elucidating which plant 
parts of both cotton and pigeon pea were essential to the survival and development of larvae.  The key 
finding was that the effectiveness of pigeon pea relied on reproductive plant parts being present - if 
only foliage was available, then cotton was better than pigeon pea.  Pigeon pea refuges need to be 
managed in such a way that they bear flowers and fruits if they are to be effective at producing 
Helicoverpa spp. moths. 
While increasing stocking densities of H. armigera resulted in increased pupae in plots, the 
invertebrate species composition of plots was unaffected by larval density.  Crop type and time were 
the only factors which consistently and substantially impacted upon refuge communities.  Insecticide 
application did not result in increased densities of Helicoverpa spp., or any substantial change to the 
invertebrate community. 
7.2. Significance and recommendations 
Pigeon pea outperformed cotton in almost every assessment of its suitability as a refuge crop.  It is 
preferred for oviposition and larvae perform better when they consume it.  The findings from this 
thesis support the resistance management plan - refuges of pigeon pea can be planted at half the total 
area of cotton refuges. 
There are two main factors which may contribute to a reduction in refuge productivity.  These are 
poor management of refuge crops, and increased numbers of Helicoverpa spp. predators.  From the 
findings in this thesis, it becomes clear that the key issue which may compromise refuge effectiveness 
is poor management.  Whether the refuge is cotton or pigeon pea, poor management of the refuge 
crop, especially insufficient irrigation, will reduce production of Helicoverpa spp., potentially 
compromising resistance management.  While plants that appear healthy and vigorous do not always 
make the best hosts for insect herbivores, these results indicate that larger plants, with more fruiting 
bodies are better hosts for Helicoverpa spp., and application of continued water stress to host plants 
confers no advantage to larvae.  Measurements of foliar nitrogen were not a reliable predictor of 
oviposition preference or larval success and it is not recommended that measurements of foliar 
nitrogen be used in the assessment of refuge quality. 
The differences between cotton and pigeon pea morphology are important to consider.  Biomass of 
fruit was not significantly different between cotton and pigeon pea, though pigeon pea had a higher 
number of fruit present per metre squared.  As H. armigera are aggressive and cannibalistic in higher 
densities, it is possible that distributing fruit biomass over a larger space results in a reduction of 
intraspecific competition and mortality.  Furthermore, partial feeding on fruit in cotton may lead to its 
spoil and shed, preventing the remaining biomass from being utilised by subsequent larvae.  This 
would be of less concern with the smaller, more abundant fruit of pigeon pea. 
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A rethink of how refuge crops are selected and managed is necessary to maximise production of 
susceptible insects.  A refuge cannot simply be treated as just another crop, as the desired result is not 
the same.  Crops which are grown for food and fibre seek maximum yields, uniform growth and 
development, and minimal production of pest insects.  Refuges should aim primarily to produce pest 
insects, and the agronomy associated with producing a good crop does not necessarily also produce a 
good refuge.  Further research is needed to determine the best management practice for growing 
refuge crops for the purposes of promoting Helicoverpa spp. production.  This is particularly 
important for pigeon pea, which is not a commercial crop in Australia. 
The pigeon pea which was initially used for refuges was a bred varietal line, ‘Quest’.  However, years 
of using reclaimed seed from previous refuges have led to variation in the pigeon pea plants of refuge 
crops.  On one hand, using the seed that was not consumed by Helicoverpa spp. the previous year may 
inadvertently be selecting for traits in pigeon pea that were not preferred by ovipositing moths or 
feeding larvae.  On the other hand, the variation now inherent in pigeon pea may contribute to its 
longer period of attractiveness over the growing season, as plants will vary in development. 
Increased densities of predators are linked to higher densities of Helicoverpa spp.  Theoretically, the 
use of insecticides in refuges should result in increased populations of Helicoverpa spp. as mortality 
resulting from predation is potentially reduced.  However, larval densities were not increased in crops 
sprayed with insecticide in these experiments.  Assuming the spray treatment was ineffective at 
reducing predators, there are other findings from the experiments which indicate that presence of 
predators is not a significant factor in limiting production of Helicoverpa spp. from refuges.  Even in 
unsprayed cotton and pigeon pea, where predators were not controlled in any way, production of 
Helicoverpa spp. pupae was not compromised.  Increasing the stocking density resulted in increased 
pupae.  Predators contributed to larval mortality, but it appeared to be proportional at each rate.  Both 
specialist and generalist predators, following type 2 and 3 functional responses, would be limited by 
handling time in their ability to consume more prey at high prey densities.  The host plant 
environment can also significantly impact upon the ability of predators to efficiently find and 
consume their prey.  Some voracious predators may be less effective and consume prey at slower rates 
in more complex environments.  Pigeon pea plants are taller, have more branches, leaves, flowers and 
fruit than cotton plants.  This makes for a more complex environment in which Helicoverpa spp. can 
escape predation, and in turn, a better refuge. 
The most limiting factor in achieving higher Helicoverpa spp. carrying capacities is likely to be 
intraspecific competition.  Even if all predators were removed from the system and plants optimally 
grown, Helicoverpa spp. would still have to contend with conspecifics for food and space.  It is not 
recommended that insecticidal sprays of refuges be incorporated into the resistance management plan 
for Bt cotton at this time.  Spraying insecticide in refuges has no clear benefit in the management of 
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Bt resistance in Helicoverpa spp.  Densities of Helicoverpa spp. are not increased with the 
incorporation of insecticide, and would only serve to remove beneficials from the system which 
contribute to suppression of resistant Helicoverpa spp. in the Bt crop, and add extra costs to Bt cotton 
production.  While removing predators from refuges would theoretically increase Helicoverpa spp. 
densities, it is not feasible to do so in practice. 
In retrospect, several changes to aims and methodology would have made for a more cohesive thesis.  
In determining carrying capacity of cotton and pigeon pea, controlled experiments under glasshouse 
conditions could have elucidated the relationship between H. armigera and its host plant.  Observing a 
range of densities of H. armigera on cotton and pigeon pea plants, excluded from natural enemies and 
adverse weather conditions would have provided more quantifiable data of how many larvae those 
host plants could potentially support.  Such an experiment would have also given greater control of 
what larval instars were present at any time and definitely have facilitated observations of causes of 
mortality, including cannibalism.  Assessing the dynamics of predators feeding on various life stages 
and densities of H. armigera would have produced valuable data in modelling potential carrying 
capacities under field conditions and would have supported data gathered in the field experiments 
which were undertaken.  Knowing the effectiveness of a variety of predators and different prey 
densities could potentially identify which predators are limiting H. armigera populations in refuges. 
7.3. Conclusion 
Poor management of refuges, in particular, insufficient irrigation, is the greatest barrier to producing 
more Bt-susceptible moths.  Well-managed pigeon pea exceeds the capabilities of cotton to attract 
moths for oviposition and support the development of larvae. 
There are several areas in which future research is recommended.  From a practical perspective, 
investigation of cotton and pigeon pea varieties which are more attractive, and better hosts for 
Helicoverpa spp. would allow for consistency in pigeon pea refuges, and make the crop easier to 
manage.  Research into how the variation in complexity of canopy environments between cotton and 
pigeon pea refuges affects the functional responses of predators and parasitoids of Helicoverpa spp.  
This will help elucidate if pigeon pea is a better host for the nutrition it provides, or if pigeon pea 
provides more enemy-free space, and Helicoverpa spp. eggs and larvae simply escape predation. 
